DTIC,

!ff“

AD—A A & NOVL o 03] ‘,’
liﬂll’f’IIMI!III/IIIII/II/IIIIIIHII/IIII %‘ i

rroceedings of C

T

"Third SDIO/ONR Pulse Power Meeting ’90"

August 2 - 3, 1990
Norfolk, Virginia

Organized by:

Dr. Vishnu K. Lakdawala

Dept of Electrical & Computer Engineering
Old Dominion University
Norfolk, Virginia 23529

Sponsored by:

Office of Naval Research

Dr. Gabriel D. Roy

Code 1132P
800 N. Quincy Street
Arlington, VA 22217-5000

and

Physical Electronics Research Institute

Old Dominion® University
Norfolk, Virginia 23529

91-12731
R REEA

91 10 7 103




Proceedings of

"Third SDIO/ONR Pulse Power Meeting ’90"

August 2 - 3, 1990
Norfolk, Virginia

Statement A per telecon
Dr. Gabriel Roy ONR/Code 1132
Arlington, VA 22217-5000

NWW 11/18/91

Organized by:

Dr. Vishnu K. Lakdawala

Dept of Electrical & Computer Engineering
Old Dominion University
Norfolk, Virginia 23529

Sponsored by:

Office of Naval Research

Dr. Gabriel D. Roy

Code 1132P
800 N. Quincy Street
Arlington, VA 22217-5000

and

Physical Electronics Research Institute

Old Dominion University
Norfolk, Virginia 23529

R AN
_ Acesssion Ter
NITS GRaal
PPIC T4l M
Yosraconeed 3
Juatificatton. . _ __|
By
! g}strtba,! twir/
Avellat ity Codes
CAvetY g0y
Dist | Special

W
[ ]




PREFACE

The "Third SDIO/ONR Pulse Power Physics meeting" was held at the Omni International
Hotel in Norfolk, VA on August 2 and 3, 1990. This meeting was sponsored by the Office of
Naval Research (ONR) and the Physical Electronics Research Institute (PERI) at Old Dominion
University. The meeting follows the first two meetings held at the University of Rochester
(Summer 1988) and in San Diego (Summer 1989). The meeting was called to report research
progress and to discuss future plan for the research programs supervised by Dr. Gabriel D. Roy,
the Office of Naval Research. Key scientists who are interested in pulse power physics were also
invited to participate in the meeting. The objective of the meeting is to provide a forum for
researchers from universities, industries and government agencies to exchange ideas and
information so as to enable the research in the area of pulse power physics to proceed in a
coordinated manner.

T wish to thank Gabriel Roy for giving us the opportunity to host this meeting at Norfolk.
I would like to acknowledge the help of Karl Schoenbach and Martin Gundersen during the
organization and planning stages of the meeting. The funding from the ONR and PERI (ODU)
is greatly appreciated. Special thanks to my secretary Louise Yasaitis for help throughout and
Gordhan Barevadia in preparing this proceedings. I wish to thank Art Guenther, Alan
Garscadden and Gerard Mourou for accepting the invitation and present the invited talks. Finally
I wish to thank all the attendees for their participation.

Vishnu K. Lakdawala
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Power Gain in an Inductive Energy Storage System

with a Photoconductive, Closing-and-Opening Switch

C. C. Kung, E. A. Chauchard, M. J. Rhee
L. Yan, and Chi H. Lee

Department of Electrical Engineering
University of Maryland
College Park, MD 20742

Abstract

For the first time, power gain as high as 16 has been obtained with a current charged
transmission line and a photoconductive, closing-and-opening switch. The pulsed laser
light source to activate the switch is specially designed. The laser pulse has a slow rise-
time (~200 ns) and a fast fall-time (~10 ns). The switch used is a 5 mm GaAs cube
of p-i-n diode configuration. The typical result was obtained at 500 V' charging voltage

producing a 2 kV output voltage pulse.




The inductive energy storage pulsed power system (IESPPS) is much more com-
pact than the more commonly used capacitive energy storage system. This feature has
stimulated the fast development of the opening switch!~*, which is the key element in
the IESPPS. In our laboratory, we have demonstrated that the photoconductive opening
switch, which is the fastest among all the existing opening switches, is capable of opening
the inductive energy storage circuit with an opening time on the order of nanoseconds®.
Also photoconductive switches have some other advantages such as repetitive operation.
controllable conduction period, and jitter-free triggering®®. However. due to the limitation
of the laser system and the switch fabrication technique in the past, the output voltage
pulse was limited to a very low level. In this work, we successfully demonstrated that a 2

kV" output voltage pulse can be achieved from the IESPPS with a 500 V" source voltage.

The schematic diagram of the IESPPS used in the experiment is shown in Fig. 1.
It is consisted of a photoconductive, closing-and-opening switch and a current charged
transmission line (CCTL) which is the inductive energy storage device®”. A 2.5 m long
RG-213 coaxial cable is employed as the CCTL. The 0.1 Q current viewing resistor is
inserted in the shorted end to measure the charging current. The other end of the CCTL
is connected through a semiconductor switch to a 0.1 gF capacitor C. which is initially
charged to V,. The output voltage waveform is measured at the switch end of the CCTL
through a 50 Q transmission line as shown in Fig. 1. In order for the system to function
as an JESPPS. the conduction period of the switch should be long enough to build up the
charging current I, in the CCTL, and the opening time of the switch should be faster than
the round-trip time 7 of the electrical pulse travelling in the CCTL, so that the produced
output waveform can be nearly square. In this experiment, a specially tailored Nd:Glass
laser pulse is used. The laser pulse (4 mJ pulse energy at 1.054 um) is quite efficient in
lowering the switch on-resistance®. Since the rise-time of the laser pulse is slow (~200 ns).

the switch resistance gradually drops to a low value and the CCTL is charged up to current

I,. Due to the fast fall-time of the laser pulse (~10 ns), the switch can be opened on a
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10 ns time scale. The switch used is a 5 mm cube GaAs of p-i-n diode configuration for
which carrier recombination time is ~35 ns®; the electrode on n-type surface is connected
to the positive polarity of the charging voltage. The laser pulse illuminates the switch

perpendicularly to the electric field applied across the switch.

In this pulse forming experiment. the electrical energy is initially stored in the 0.1 uF
capacitor; when the switch is turned on by the jaser pulse. the capacitively stored energy
is transferred into the CCTL. The charging current is monitored with the current viewing
resistor. If we assumed that the CCTL acts as a lumped inductor and the switch is ideal.
we could obtain the maximum charging current by using the equation %Lff = ;CV2
The typical results are obtained at the charging voltage of 1,=300 V. the corresponding
charging current I(t) is shown in Fig. 2(a). Notice that the current increases slowly up
to 105 A which is much less than 250 A. the predicted maximum charging current. This
is attributed to the slow rise of the laser pulse intensity which keeps the switch in a high
on-resistance state during the early charging stage. As the laser pulse quickly terminates.
the switch opens. resulting in the transfer of the stored inductive energy into the resistive
load. If the opening phase of the switch were ideal (infinitive off-resistance in a short
period), all of the stored energy would be transferred to the load. Because of the finite
switch off-resistance, part of the energy is absorbed or reflected by the switch. The load.
the 50 Q plug-in of an oscilloscope connected through a 50 2 coaxial cable. is in parallel
with the switch, thus the resultant load resistance Ry is always less than 50 Q. Figures
2(b) and 2(c) show the output voltage waveforms, of which the peak pulse amplitude is
2 kV. These were obtained at the charging voltage of V,=500 V. By applying a charging
voltage higher than 500 V, an output voltage pulse slightly higher than 2 kV was produced.

but the pulse shape was very irregular.

It is shown that the CCTL produces a main pulse and a train of postpulses!? into an
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arbitrary resistive load R;. The amplitudes of the pulses are given by

(Zo — RL)"
(Zo + Rt

V2, = R Z,I, (1)

where n corresponding to the nth postpulse and n=0 represents he main pulse. In this
case, only an ideal switch with infinitive off-resistance would produce just the main pulse
into a matched load, R; = 30 2. In actual experiment, finite switch off-resistance causes
Rjto be less than Z,. and thus the output pulse shape is a gradually diminishing staircase
as shown in Fig. 3. Furthermore, the switch off-resistance is not a constant in time. thus
the measured output pulse shape is not an exact staircase. As shown in Fig. 2(c). the
postpulses of the staircase pattern with smooth corners are observed.

In order to characterize the switch dynamic resistance (on- and off- resistance of the
switch). we have employed two methods. The first method is to use the circuit shown
in Fig. 1. but with the CCTL being removed from the circuit. This circuit is a simple
capacitive energy storage pulsed power system (CESPPS). In this CESPPS. the switch
is connected in series with the load resistor Ry; thus, the circuit can be treated as a
voltage divider. By analyzing the voltage waveform V,,(t) across the 30 Q matched load
while the laser pulse iz on and using the equation R, (t) = 50 X [V,/V,u:(t) — 1]. the
temporal variation of switch resistance was obtained. The other method is to analyze the
experimentally obtained waveform from the IESPPS circuit shown in Fig. 1. Since the
circuit response is very close to the basic RLC circuit, we can use the current waveform
I(t) obtained from the current viewing resistor and the voltage waveform V,,(t) measured

with the 50 2 load. By using the equation
1
& [ 10t + Voud®) + IO Rwt) = Ve @

the temporal variation of the switch resistance R,y (t) can be easily calculated. According
to the analysis, the switch (the 5 mm GaAs cube p-i-n diode) behaved differently in these

two different circuits. The switch dynamic resistance behavior in these two circuits at
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V,=700 V" is shown in Fig. 4. It shows that the lowest on-resistance is 6.0 2 in the
CESPPS and is 3.4 Q in the IESPPS respectively. In the IESPPS, the switch resistance
drops to a lower value during the closing phase and increases faster during the opening
phase than those in the CESPPS. The lower on-resistance in the case of the IESPPS may
be due to the higher thermal power dissipation while higher charging current is flowing
through the switch causeing further switch on-resistance drop. When the switch is turned
off. the higher induced field across the switch for the IESPPS is in favor of sweeping out the
excess carriers in the switch resulting in faster opening of the switch. If this induced field
does not exceed the “lock-on™ field (3.6 kV/cm)*, the switch off-resistance can increase

faster to achieve better power gain.

It may be convenient to describe the capability of the pulsed power system in terms of
the power gain or voltage gain. The power gain may be defined as the ratio of the output
peak power of the system to the power which the source would provide directly to the
same load. The voltage gain may be defined as the ratio of the output pulse voltage to
tke input charging voltage (154:/15) in this case. In this experiment. the output power is
P,ut = (V2 ,)?/Z, and the source power is Py = V2/Z, respectively. The highest obtained
power gain is 16. which is equivalent to a voltage gain of 4. When the charging voltage
is higher than 300 V, higher output peak power could be observed: however. the first
postpulse of the output becomes apparent, resulting in a lower power gain. This suggests
that the switch off-resistance is lowered by the induced electric field which exceeds the
“lock-on™ field. Hence. this phenomenon may be related to the “lock-on™ effect observed

in the closing switch experiments*11.

In conclusion, for the first time, an output voltage pulse with a power gain as high
as 16 has been achieved with a current charged transmission line and a photoconductive,
closing-and-opening switch. The switch is a 5 mm GaAs cube of p-i-n diode configuration
controlled by a specially tailored Nd:Glass laser pulse. The system has the potential to

be scaled up to a higher voltage system, but this will require a larger switch to withstand
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higher voltage and a higher energy laser pulse to activate such a switch. The phenomenon

of power gain drop with higher output voltage needs further study and investigation.
The authors are grateful to A. Rosen of the David Sarnoff Research Center for supply-

ing the GaAs p-i-n diode switch. We also thank E. E. Funk for providing useful comments

on this manuscript.
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Fig. 2. Waveforms obtained with the 5 mm cube GaAs p-i-n diode switch operated at

500 V charging voltage. (a) The charging current monitored with a 0.1 Q current viewing

resistor. (b) and (c) Output voltage waveform.
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A Laser Controlled Semiconductor Switch
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Abstract

A bulk optically controlled semiconductor switch (BOSS) is investigated. The switch can be
turned on and off, on a nanosecond to picosecond time scale, using infrared laser radiation at two
different wavelengths. Turn-on is accomplished by electron excitation from a deep copper level,
and turn-off is obtained through hole excitation from ionized copper centers. External radiation
is not needed to sustain the on-state conductivity. The switch material is gallium arsenide doped
with silicon and compensated with copper (GaAs:Si:Cu). The deep level structure of the switch
material is studied by means of Deep Level Transient Spectroscopy (DLTS) and Photo Induced
Current Transient Spectroscopy (PICTS). A rate equation model is used to calculate the optimum
concentrations of impurities and to obtain scaling laws for the switch. Switching studies with
two lasers have shown the feasibility of the switch concept. Closing and opening on a
nanosecond time scale with variable on-times was obtained at voltages below the lock-on voltage.
Recent results have shown that this opening method also allows temporary quenching of the
photocurrent for switch operation in the lock-on state.




A Laser Controlled Semiconductor Switch

Vishnu K Lakdawala and Karl H Schoenbach
Department of Electrical and computer Engineering
Old Dominion University
Norfolk, VA 23529

Introduction

This paper describes the research results on "A Laser Controlled Semiconductor Switch" project
sponsored by SDIO/IST and managed by the ONR under contract # NOO-14-86-k-560. Dr. Karl
H. Schoenbach is the Principal Investigator and Dr. Vishnu K. Lakdawala is the co-Principal
Investigator. A summary of major accomplishments obtained during the past funding period is
reported. Sung T. Ko and Michael S. Mazzola worked on this project as doctoral students and
have successfully completed their Ph. D. degree. Randy Roush and Gordhan Barevadia are
currently working towards their Master’s degree on this project.

Photoconductive switches are recently gaining popularity for a number of reasons: they are
inherently simple, scalable, optically controllable, and they possess capability for fast (ps)
switching and high rep rate operation. They are, however, mainly used as high power closing
switches. External radiation sustains the conductivity of the switch by generating electron-hole
pairs. Turning off the laser radiation results in decay of conductivity with a time constant
dependent upon bulk recombination of free carriers or career sweep out. This material or
geometry dependent conductivity decay after laser illumination allows photoconductive switches
to be used as opening switches as well as closing switches. In order to obtain short opening
time, the electron-hole lifetime needs to be short. This requirement, however, results in a large
carrier loss during the conduction phase. This dictates for many pulsed power applications an
unacceptable expenditure of expensive laser photons.

Concept

A concept for a new tyne of optically controlled semiconductor switch, BOSS was introduced
by Schoenbach et. al. [1]. Here, laser radiation is employed to switch into a conductive state and
to quench the photoconductance on demand. In between the two laser pulses, the conductivity
remains at a high level for times long compared to the laser pulse duration. The switch
conductance therefore can be varied by varying the delay time between the two laser pulses in
a ns to tens of us temporal range.

Silicon doped copper compensated gallium arsenide (GaAs:Si:Cu) is used as a base material. Si
is a shallow donor (0.0058 eV below conduction band) and Cu is a deep acceptor (Cug at 0.44
eV above valence band). With controlled diffusion of Cu in Si doped GaAs (compensation), a
highly resistive crystal can be obtained. Turn-on is accomplishHx with laser radiation with




photon energy less than the bandgap energy (1.42 eV) but greater than the energy difference
between the Cug level and the conduction band {(1.42-.44) eV}, see Fig. 1. Electrons stored in
Cug levels will be excited into conduction band. Two step excitation of electrons through vacant
Cujg centers and electron excitation from other deep centers (not shown) will also contribute to
the on-state conductivity. Holes generated from two step excitation however, will be rapidly
captured through direct recombination or recombination via recombination centers. Some of the
free electrons will also be captured by defects such as EL2 traps. Due to the small electron
capture cross section of the Cuy centers, a large fraction of the free electrons will stay into the
conduction band for times long compared to the typical recombination time for GaAs. If the
valence band is now flooded with holes photoexcited from the Cug centers, the free electrons will
recombine quickly with the generated free holes and the conductivity of the switch will be
drastically reduced. This process of "stimulated recombination" of electron-hole pairs is
accomplished by irradiating the switch with a second laser pulse of photon energy less than 1 eV,
but greater than 0.44 eV.

Sample Preparation

Sample preparation is one of the most crucial and important parts of the project. The crystals
used in this investigation are taken from a GaAs wafer grown using the horizontal Bridgman
technique. The material was originally doped with a Si density of 5 x 10’ cm™. Copper is
vacuum evaporated on face to a 1 um thickness. The sample is then placed in a diffusion
furnace (arsenic rich ambient). The temperature for the diffusion and time were varied over a
wide range to accomplish different levels of compensation. Detail information about the sample
preparation technique is reported elsewhere [2]. Significant achievements are as follows. We
have successfully demonstrated the controlled compensation of low resistivity Si doped GaAs
with copper to obtain high resistivity semi-insulating crystals. Also a procedure to obtain over
compensated (p-type) or under compensated (n-type) materials has been established. Sample
resistivities of 10’ ohmcm have been obtained by compensation. A non-contact laminar flow
polishing system has been designed and built. This system is used to obtain extremely fine
polished surfaces required before contact deposition. Au-Ge films were found to give good
ohmic contacts.

Sample Characterization
Various measurements techniques used to obtain basic information about the switch materials are:

1. Hall van-der Pauw Method

2. Dark Current Measurements

3. Deep Level Transient Spectroscopy (DLTS)

4. Photo Induced Current Transient Spectroscopy (PICTS)
5. Measurement of Absorption Depth




A Hall van-der Pauw system has been designed and built. The system allows us to measure
carrier concentration, mobility, resistivity and Hall coefficient. Dark current measurements reveal
information on the deep level structure and on processes such as lock-on and avalanche
breakdown. A DLTS (MDC DLS-81 system) is used to characterize the deep level structure in
the low resistivity material. Basic information on various deep levels such as EL2, ELS has been
determined. The measurement technique yields data on the activation energy, concentration and
cross sections on electron and hole capture of the deep levels. The used DLTS system, however,
is not capable of measuring very large cross sections for strong traps (such as Cug) due to limited
time response. A summary of results is shown in the energy level diagram of Fig. 2.

In order to characterize deep levels in high resistivity (semi-insulating) semiconductors, we have
developed an experimental set up for the photo-induced current transient spectroscopy (Fig. 3).
In PICTS, pulsed light is radiated on the test samples. During the turn on time of the light, the
traps in the sample are filled; the photocurrent reaches a steady state level. When the light is
turned off, the steady state current decreases very fast due to recombination of free carriers.
After this initial fast decay, the current decays slowly due to detrapping of trapped carriers. The
slow current decay is an exponential function of time {3,4], with a time constant which varies
with temperature. By determining this time constant with a rate window method (Fig. 4) and
plotting it in an Arrhenius plot it is possible to obtain the activation energy of the deep level.
Under certain conditions, the height of the electrical signal can be used to predict the
concentration of the traps.

We have characterized a semi-insulating GaAs sample using this method. As shown in Fig. 4.,
three deep levels with activation energies of 0.38 eV, 0.68 eV, and 0.78 eV have been identified.
The levels at 0.38 and 0.78 are believed to be the native defects related to EL family. The level
at 0.68 is probably due to an impurity. We are in the process of characterizing copper doped
GaAs:Si. Our preliminary results indicate that this method will give us information about the
copper levels in GaAs. In this way we will be able to study the copper compensation effect in
GaAs:Si, which will lead to better switch sample development.

The absorption depth has been measured for a wavelength of 1064 nm by irradiating the edge
of a sample and measuring the output intensity for different sample lengths. Taking multiple
internal reflections into account, the equation for the transmission T is

ralr_(1-RPe*
10 I—Rze -2ad

where I, and I; are the incident and transmitted intensities respectively, R is the reflection
coefficient, a is the absorption coefficient, and d is the sample length. Using the assumption that
the majority of the light is absorbed before reaching the opposite end of the sample (ad large),
the equation for the transmission reduces to




I
T=—La(1-R)%e ¢
I

The slope of the line drawn through the squares in Fig. S gives the approximate 1/e absorption
depth for GaAs:Si:Cu. It was found to be 3 mm. The absorption depths for GaAs:Si, and
undoped semi-insulating GaAs are approximately 8 mm.

Numerical Simulation

Modeling studies were made to investigate the switch behavior and also the influence of various
deep traps on the photoconductivity of the switch. A rate equation model for the free electrons,
holes and bound electrons in deep traps has been used. The model and the corresponding results
are described in detail elsewhere [5,6,7]. The findings from the modeling studies for specific
systems investigated are:

L. The turn-on phase is characterized by two time constants, one time constant which is fast,
is related to direct band-to-band recombination of free carriers and recombination through
deep centers (nanoseconds). The second time constant which is very slow (tens of
microseconds), is related to the capture of electrons at the Cuy level.

2. With increasing photon flux (beginning at 3 x 10® cms) the on-state conductivity
saturates for a sample doped with Cu at a concentration of 8 x 10! cm™.

3. For photon flux greater than 5 x 10% cm?s two-photon ionization becomes a  dominant
mechanism.

4, The greater the electron occupation at Cug level the better the on-state conductivity.
However, this leads to a degradation in turn-off characteristics of the switch.

5. For the use of the system as both a closing and opening switch, an optimum
compensation ratio of 1.6 is predicted.

6. The recombination centers in the switch material controls the free carrier decay rate,

however, it does not affect the turn-on transient risetime significantly.
Switching Experiments
Feasibility of the BUSS concept

A schematic of experimental set up for the photoconductivity measurements is shown in Fig. 6.
Two different lasers were used to allow two consecutive laser pulses to illuminate the crystal,
one for closing the switch (A = 1.06 um, FWHM = 26 ns, peak photon flux 5 x 10 #? cm™),
and the other to open it (A = 1.8 um, FWHM = 7 ns, photon flux 5 x 10 ¥ cms"). The bias
circuit consists of a capacitor charged to a dc-voltage and connected to the crystal by a 50 ohm
cable (two way transit time = 275 ns). The load is a 50 ohm oscilloscope termination, which acts
as a current viewing resistor. The current waveform is digitized by a Tektronix 7912 digitizer.
Fig. 7 shows a typical photoinduced current flowing through the p-type crystal. Sample
conductivity is initially induced by the 1.06 um laser pulse. The sample conductivity is quenched




200 ns later by the 1.8 um laser pulse. The results clearly demonstrates the feasibility of the
BOSS concept for the p-type GaAs:Si:Cu.

3.

4.

The major findings from the switching experiments [8,9] are:

Optically controlled closing and opening can be achieved on command on a nanosecond
time scale.

Persistent photoconductivity with a time constant as large as 30 us has been obtained
using sub-bandgap laser radiation of photon energy greater than 1 eV. The GaAs:Si:Cu
switch has a conductivity decay time constant comparable to that achieved with bulk Si
closing switches, but with the advantage of using a material with dark resistivity and high
electron mobility.

Current densities as high as 10 kA/cm? were switched and fields as high as 20 kV/cm
were held off.

At higher fields (greater than 10 kV/cm ), a voltage "lock-on" was observed.

Optical Quenching of Lock-On Currents in GaAs:Si:Cu switches

Experiments to study the effect of infrared radiation on "lock-on" currents in photoconductive
GaAs:Si:Cu switch have been performed. The experimental set up is shown in Fig. 8. The
results demonstrate that infrared quenching of "lock-on" current in these switches is possible.
Fig. 9 and 10 show typical results with optical quenching of the photocurrent for bias electric
fields of 20 kV/cm and 875 V/cm respectively.

The significant findings are:

1.

2.

After quenching of the persistent photocurrent, the current recovers in about 25 ns to a
constant level.

The persistent photo and dark currents are considered to be due to double injection of
carriers through the ohmic contacts of the photoconductive switch.

Optical quenching of lock-on current offers the possibility to use GaAs:Si:Cu switches in high
rep-rate inductive energy storage systems.
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Abstract

A new class of transistors based on semiconductor-metal eutectic composite materials is
described and their application to pulsed power switching is discussed. Their unusual

resistance to avalanche breakdown has been examined by numerical modeling, and device

and materials parameters which should optimize their performance have been identified.

Experimental devices have shown very high breakdown voltages in agreement with the
model. A search for new semiconductor-metal eutectic systems has been undertaken to
identify materials which may provide further improvements. Assessments based on
thermodynamic calculations for candidate systems are presented, and initial

experimental results are reported.




Introduction

Extension of conventional transistor technology to the pulsed power conditioning regime
would require the development of devices with “on-state” currents in excess of 1 kA and
blocking voltages of 50 kV. The main obstacle to engineering such high power devices is
the existence of avalanche breakdown. It is this breakdown mechanism, together with

basic junction physics, that limits conventional devices of reasonable size to either high

voltage or high current but not both.

This paper discusses a new class of transistors that should allow the attainment of both
high voltage and high current in a single opening switch. They are based on the unique
microstructure of a new kind of electronic material: semiconductor-metal eutectic
composites. These materials contain arrays of rod-shaped metallic regions imbedded in
a single crystal semiconductor matrix. The rods form parallel, cylindrical Schottky
junctions which fill the bulk of the material. Transistor devices can be fabricated which
take advantage of the unusual properties of these materials to overcome the limitations
imposed by avalanche breakdown in conventional devices. This approach should lead to
the development of devices which are capable of both high voltage and high current in a

single switch.

We will briefly review the effects of avalanche breakdown in pulsed power opening
switches based on conventional solid-state technology and describe our new approach
using semiconductor-metal eutectic devices. We then discuss the "benchmark” Si-TaSip
materials system, report the performance of experimental devices, and compare them to
the predictions of numerical modeling. The results highlight issues of materials and
device design which must be addressed in order to achieve the goal of practical voltage-

controlled pulsed power opening switches based on this technology.

(8]




Limitations of existing transistor technology

The major restriction to increased blocking voltages in conventional transistors is the
mechanism of avalanche breakdown. Avalanche breakdown occurs when mobile electrons
or holes in the semiconductor are accelerated by an electric field which is sufficiently
large that they can gain a quantity of energy greater than the semiconductor bandgap
before being scattered by other electrons or the lattice. In a scattering event with a
valence band electron, this amount of energy is sufficient to raise the valence electron to
the conduction band and thereby create an electron-hole pair. Each of these new charge
carriers can themselves gain energy from the electric field and in turn create still more
electron-hole pairs. In this way, the current increases in an extremely short time to a
point that is limited only by the series resistance of the circuit. Indeed, in many cases
the energy dissipated in the semiconductor by such large currents is sufficient to cause

thermal runaway and destroy the device.

In semiconductor devices, internal electric fields are found in the depletion regions of
rectifying junctions, which may be either p-n, metal-semiconductor (Schottky), or
metai-insulator-semiconductor types. The electric field Emax at which avalanche
breakdown occurs is determined by ionization coefficients of electrons and holes which
are specific to each semiconductor material.! Given Emax, the corresponding maximum

voltage Vmax which can be supported without avalanche breakdown can be expressed for

planar junctions as

Vmax = (Emax2es/2qNd) - Vb,




where eg is the semiconductor permittivity, q is the electronic charge, Ng is the dopant
concentration, and Vp is the built-in junction potential, which will normally be

negligible compared to Vmax.

The dependence of Vmax on doping concentration for Si is shown in Fig. 1. Because Vmax
is inversely proportional to Nd, it is clear that achieving a high breakdown voltage
requires a low carrier concentration. However, a low carrier concentration means high
resistivity, and so limits the current densities which can be transported without
unacceptable heating. Therefore, conventional transistor technology permits either high
carrier concentration, high current devices operating at low voltage, or low carrier
concentration, low current devices operating at high voltage, but not high current, high

voltage devices.

Our studies of semiconductor-metal eutectic devices have suggested a novel approach to
designing transistors which may circumvent these restrictions. It is based on the
existence of uncontacted junctions between the gate and drain of the device. The potential
at each of these junctions floats in such a way as to spread the applied voltage over a
greater distance than the width of a single junction. This mechanism is similar to the
well known "guard ring" effect, and can limit the maximum electric field to a value

which is lower than the breakdown field.

Device modeling

The semiconductor-metal eutectic transistor geometry is shown schematically in Fig. 2.

The metal rods, which are arrayed perpendicular to the surface of the wafer, create

rectifying Schottky junctions with the semiconductor. A gate contact, which provides a




metallic contact to the rods but maintains a blocking contact to the semiconductor, is
formed between the ohmic source and drain contacts. Current flowing from the source to
the drain passes through the bulk to the device, flowing in between the depletion zones
surrounding the rods. An external voitage applied to the gate contact can be used to
expand the depletion zones of the rods accessed by the contact and, by decreasing the
volume of non-depleted semiconductor, reduce the magnitude of the source-drain

current and provide transistor action.

One unique feature of this device is that the rods which lie in between the source, gate,
and drain contacts are not contacted. These rods and their associated depletion regions
float to potentials that are determined by the device parameters and external voltages.
We haQe performed extensive numerical modeling of these devices to study the

surprising effects of the floating rods in high voitage operation.2

Computer simulations of devices with and without floating rods were performed using
the PISCES code. The PISCES software models two-dimensional distributions of potential
and carrier concentrations for arbitrary device geometries and bias conditions. The
version used was PISCES-IIB of Stanford Electronics Laboratories on a Digital VAX

11/785 mainframe computer.

Two types of simulation experiments are described. In the first the effect of floating
junctions on device breakdown was studied. The second is aimed at optimizing material

and device parameters for pulsed power applications.

The two basic simulation geometries are shown in Fig. 3. The conventional case, used as
a control (left diagram), has one gate junction close to the source. The other case (right

diagram) has six equally spaced floating rod-shaped junctions between the gate and




drain. With six floating junctions, the simulation uses the maximum number of
electrodes that can be handled by the PISCES software. Simulations were specified for
n-type Si with uniform impurity concentrations of 0.5 - 5 x 10'S cm*3 . PISCES-IIB
allows the placement of a simple lumped resistance on a given electrode. This capability
was exploited to account for floating rods. Floating rods were simulated by inserting as

high a resistance as possible on the electrode and biasing it to the drain voltage.

To simulate the operation of the transistor, the source was held at 0 V, the gate electrode
(the first rod) was biased to -2 V, and the drain electrode was stepped from 0 to 200 V
in 10 V increments. The potential versus distance from the source is shown in Fig.4 and
the maximum electric field versus drain potential is shown in Fig.5 comparing the two

cases with and without floating rods.

For the conventional case without floating junctions, the potential increases
parabolically with distance similarly to conventional planar junctions. The maximum
electric field increases monotonically with increasing drain voltage. In the case with
floating rods, the depletion zone at the gate rod expands with increasing voltage as in the
conventional case, but only until it intersects the depletion zone of the first floating rod.
This latter rod then floats in potential with further increases in applied voltage so that
its depletion zone expands towards the next floating rod. In this way, the applied voltage
is spread across successive floating rods. The electric field at the gate rod reaches a
maximum when the drain voltage is sufficient to extend its depletion zone to the first
floating rod. It is then clamped at this value as the drain voltage is increased.
Eventually, the same maximum field is attained at the first floating rod, and so on. The
actual value of this field depends on the interrod spacing and the carrier concentration,

but by proper design it can be made lower than the avalanche field.

|




The results of this model clearly indicate that the floating rods inhibit avalanche
breakdown and resuit in a larger depletion zone than would be found in a classical planar
junction device. In a conventional device without floating rods, the maximum electric
field increases as the drain voltage increases until it reaches the critical value for
avalanche breakdown. With the floating rods, however, as the drain voltage is increased
the field reaches a maximum that may be significantly lower than the critical field for
avalanche breakdown. Thus, even as the drain voltage is increased to a value

significantly beyond that required to yield avalanche breakdown in a conventional device,
avalanche breakdown is avoided because the field never reaches a value sufficient to
cause impact ionization. However, avalanche will eventually occur by a ‘punch-through'
mechanism when the depletion region expands to reach the drain contact and no additional
floating rods are available to accommodate further voitage increases. Therefore, the
maximum blocking voltage of the device is determined by the gate-drain spacing, rather
than the carrier concentration as in conventional devices. This distance can in principal

be designed to yield an arbitrarily large blocking voltage.

Further model calculations can be used to investigate the ways that these devices could be
optimized for simuitaneous high voltage and high current operation. This is done by
holding the maximum electric field to a value less than that of the avalanche field, and
calculating the corresponding carrier concentration and saturation current density for
different interrod spacings. A microstructure with floating rods similar to that shown
in Fig. 3 was modeled to determine the carrier concentration which yields a saturation
Emax of 100 kV/cm. This maximum field was chosen because it is conservatively below
the value that would lead to avalanche breakdown. The average eiectric field in the gate-
drain region and the gate-drain distance needed to hold off 1000 V were also calculated.

The microstructure was then scaled uniformly to different interrod spacings and rod




diameters, keeping the volume fraction of the rods constant (as would be the case with

real eutectic systems).

The results are shcwn in Table | for interrod spacings of 4, 7, and 23 um. Although the
gate-drain distances needed to hold off 1000 V are similar in all three cases and the
spatially averaged field remains nearly constant at about one-half Emgax, the carrier
concentrations &nd saturation current densities at zero gate bias are quite different. The

highest current is found at the smallest interrod spacing.

These results are important because they indicate that semiconductor-metal eutectic
transistors can be designed to hold off high voltages while at the same time having

relatively high carrier concentrations and therefore high current density.

Experimental Semiconductor-Metal Eutectic Transistors

SME transistors were fabricated3:4 using 500 um thick Si-TaSio wafers cut normal to
the growth axis so that the TaSi2 rods are perpendicular to the wafer surfaces. Carrier
concentrations were 1-3 x 1015 cm-3, and the areal rod density was about 1.6 x 106

cm-2, yielding average interrod spacing of ~8 pm.

Wafers were thermally oxidized at 1000 C to form a 0.3 um oxide layer. The oxide was
patterned and opened to form central drain and concentric source and gate contact areas
as shown in Fig. 6. The gate contact was formed using a 0.2 um CoSi2 layer which
maintained a Schottky barrier to the bulk Si matrix while providing metallic contact to

the TaSi2 rods. Source and drain contacts consisted of annealed Au-Sb films. After




electrical measurements, some processed devices were successively thinned by
mechanical polishing and remeasured, showing the effects of thickness on device

performance.

The transfer characteristic of a typical eutectic device is shown in Fig. 7 (Ref. 3). All
eutectic transistors show a MESFET-like characteristic. The behavior of eutectic
transistors and their dependence on the contact spacing, wafer thickness and matrix
carrier concentration have been extensively studied. Typical data is shown in Table il.
The device characteristics shown in Fig. 7 correspond to the last entry in Table Il. For
the carrier concentration and interrod spacing of this device, the modeling results
indicate that the maximum electric field at the rods will be less than the avalanche
breakdown field of ~3 x 105 V/cm due to the effect of the floating rods. We therefore
expect that breakdown will only occur when the depletion layer punches through to the
drain contact where the electric field can increase to the breakdown value. The
breakdown voltage will be given approximately by the product of the average electric
field and the gate-drain distance. Modeling indicates that the average field for devices in

this range of matrix carrier concentration will be about 5 x 104 Vv/cm.

Data on the devices in Table Il support the modeling results and indicate that device
breakdown is limited only by punch-through not avalanche breakdown. The Table
includes two columns of calculated data on the effective gate-to-drain distance and the
the punch-through maximum breakdown voltage based on the approximate average

breakdown field expected from the model and the effective gate to drain spacings.

The difference between the actual spacing of the gate and drain contacts on the wafer
surface and the effective spacing of the two contacts is related to rod divergence. The

TaSi2 rods are not perfectly parallel, with a maximum divergence of about +/- 6°. This
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divergence results in an effective gate-drain distance at the backside of the wafer which
is shorter than the actual contact spacing by a factor 2t*tan(6), where t is the wafer
thickness. Corrected for this effect, the measured voltages are in reasonable agreement
with the predicted values, although still somewhat lower in all but one case as shown in
Table Il. However, these numbers of up to 1000 V may be compared with the theoretical
maximum breakdown voltage of ~200 V for planar Si junctions in this range of carrier
concentration. The data clearly indicates that floating junction devices enable high
voltages that are limited by device design restrictions more than inherent factors such

as avalanche breakdown.

Devices with dimensions designed to hold-off 2000 V have been processed and testing of
them is in progress. The high voltage properties are being tested using a high voltage gas
discharge apparatus schematically illustrated in Fig. 8. This equipment is capable of
delivering 100 ns pulses of 2 - 10 kV. Preliminary measurements on a device show
breakdown at lower than the intended 2000 V and passage of 5 A of current. The test is
an indication that at these high voltages, surface breakdown may limit the device.
Because the TaSio rods extend through the thickness of the device, the applied potentials
appear at both top and bottom surfaces, as well as in the interior. This suggests that
surface passivation of both surfaces may be required before testing. Surface breakdown

issues will have 1o be examined in future studies.

Materials Issues

Despite the promising results described above, there are three factors which render the

"benchmark" Si-TaSi2 system less than ideal for pulsed power applications. First, the

Schottky barrier height characteristic of the Si-TaSi2 junction is only 0.62 eV. This
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relatively low barrier gives rise to leakage currents under reverse gate bias that are
higher than desirable (several orders of magnitude more than a Si p-n junction under
similar conditions, for example). Furthermaore, leakage increases rapidly with
increasing temperature (such as that due to power loading) or carrier concentration.
Identification of SME materials systems with higher Schottky barrier heights would

clearly be advantageous.

Second, based on the modeling results presented in Table |, reduction of interrod spacing
should lead to higher saturation current density of the transistor switch. In the eutectic
solidification process the interrod spacing varies inversely as the square root of the
solidification rate, with a proportionality constant that is specific to each materials
system. The interrod spacing of ~8 um used in the devices discussed in Table Il was
achieved at close to the maximum practical growth rate using the Czochralski technique.

It would therefore be difficult to obtain smaller spacings in the Si-TaSi2 system.

Third, the small divergence of the rods from parallel complicates the device design
process, as discussed above, and leads to either a reduction in wafer thickness, and

therefore current switching ability, or the blocking voltage.

Complete realization of the promise of this new device technology for pulsed power may
require the development of new materials with optimized properties. We have been
addressing these issues using two different approaches. First, we are reconsidering the
basic physical parameters that determine the average interrod spacing and alignment of
the rods during Czochralski growth. Our studies indicate that melt convection has a
substantial effect on both of these parameters. They suggest that more control over

convection in the melt may lead to finer, better aligned rod structures.




Second, we are investigating GaAs-based eutectics because they are expected to have
higher Schottky barrier heights than their Si counterparts, (greater than half the
bandgap, 0.72 eV) and because they might also have finer microstructures at practical
growth rates. Since the existence and properties of GaAs-based SME materials are
largely unknown, our first task has been the computation of phase diagrams to identify
candidate systems for further investigation. This effort is being followed by
experimental testing and analysis. A list of promising eutectic compositions and
temperatures predicted by these phase diagram calculations (performed by ManLabs,
Inc.) is given in Table lll. The GaAs - metal diboride systems are particularly
intriguing since growth of these systems may be relatively simple compared to those
containing metallic arsenides. With metal arsenides, compositional control can be
problematic due to As loss from the melt. The lack of arsenic in the metal diborides

resolves this problem.

A micrograph of a Bridgman-grown GaAs-GdAs eutectic grown at 3.5 cm/h is shown in
Fig.9. It contains a higher volume fraction of the metallic phase then the benchmark Si-
TaSi2 system and an average interrod spacing of about 15 um. Growth at the same 20
cm/h rate as the Si-TaSi2 would be expected to reduce the average interrod spacing to

about 6 pm, just slightly finer than the Si-TaSi2 used for devices.

Conclusions

The unique properties of semiconductor-metal eutectic materials can be exploited to
yield a new class of transistors. These devices hold great promise for the development of
high voltage, high current, voltage controlled pulsed power switches. We have

demonstrated experimental devices with breakdown voltages far in excess of those

J




expected for planar junction devices made from similar semiconductor material. We
have also explored the physics of these devices by numerical modeling to identify the
mechanisms which lead to elevated blocking voltages. The origins of these effects are
now understood. This modeling work has been extended to address the optimization of
materials and device parameters needed to achieve both high voltage and high current

capability in the same device.

Continuing efforts are aimed at the fabrication and testing of new devices based on
modeling results. Further work invclves the identification and development of new

materials systems which should provide additional performance improvements.
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Table |

DEVICE PARAMETERS
MAXIMUM FIELD Emax = 105 V/cm

15

Rod Avg. Field S-D distance ND Js
spacing at Emax for Vmax=1000 V (cm'3) (A/cm2)
(pm) _(V/iecm) (um)

4 5.08x104 200 5.9x1015 6500

7 5.37x104 186 3.3x1015 3300
23 5.44x104 184 1.0x1015 870




Table Il

MEASURED BREAKDOWN VOLTAGES

Carrier Thickness G-D Distance Effective G-D Vmax
Vmax
Concentration (m) (um) Distance (um) (meas.)
(predict.) (1015 cm3) v)
(V)

3 500 137 33 50 165
3 250 137 85 350 425
3 125 137 111 600 555
2 500 150 46 90 230
2 250 150 98 250 490
2 125 150 124 500 620
1 250 180 128 500 640
1 125 180 154 700 770
1 250 62 10 40 50
1 125 250 224 1000 1120
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FIGURE CAPTIONS

. 1. Breakdown voltage vs. doping concentration (after Sze, Ref. 1).

. 2. Semiconductor-metal eutectic transistor geometry.

. 3. Geometries for PISCES simulations: left,no floating rods; right, six floating rods.

. 4. Potential vs. distance from the source calculated for the geometry of Fig. 3 at a
drain voltage of 200 V. 1) no floating rods. 2) with floating rods.

. 5. Maximum electric field vs. drain voltage for the geometry of Fig. 3 showing the
field clamping effect of the floating rods. 1) no floating rods. 2) with floating
rods.

. 6. Micrograph of semiconductor-metal eutectic transistor, showing source and gate
contacts surrounding the central drain contact.

. 7. Transfer characteristic of a typical device.

. 8. High voltage pulse apparatus.

. 9. Cross-section of GaAs-GdAs eutectic composite.
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Fig. 3. Geometries for PISCES simulations: left,no floating rods; right, six floating rods.
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Figure 6. Micrograph of semiconductor-metal eutectic transistor, showing source and gate contacts
surrounding the central drain contact.
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Figure 7. Transfer characteristics of a typical device.
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Figure 9. Cross-section of GaAs-GdAs eutectic composite.
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Main Goals of Research

The research project addresses three main issues regarding the surface

breakdown of Alumina (Al203) ceramics and photoconducting Si, both critical
materials in pulse power switching devices:

(1) Identify key parameters at the microscopic level which influence break-

(2)

(3)

(i)
(ii)
(iii)

down. To accomplish this goal, the surface structural (microstructural
features) and chemical imperfections were altered in a determined way by
careful mechanical and chemical treatments. By this technique, the density
of surface defects and hence the band gap characteristics can be altered.

Gain deeper understanding of the mechanisms in the pre-breakdown
conduction and discharge development phases of surface breakdown. To
accomplish this goal, coordinated, time resolved (~1 ns) measurements of
applied voltage, conduction current, pre-breakdown and breakdown lumi-
nosity and x-ray emission have been carried out. In addition, optical and
scanning electron microscopes, and an intensified gatable 2d CID camera has
been employed.

Identify techniques and procedures to improve the breakdown strength of
materials. The above has been accomplished by the development of precise
surface preparation techniques, geometric profiles, and selection of low
surface defect materials.

Introduction
The work is divided into three parts:
Study of dielectric materials in vacuum.
Study of photoconducting materials in vacuum.

Study of low-energy laser initiated switching of compressed N> gas gap
bridged by PMMA insulators.




Results and Di .

I. Dielectric materials in vacuum: The studies were carried out on 99.9% polycrys-
talline Al;Oj3, single crystal SiO2, and PMMA, using 0.5/15 ps impulse voltage

excitation, in an ambient of 15 pTorr vacuum. Figures 1 and 2 show the
schematic of the experimental setup and the voltage conditioning procedures.

Figure 3 shows the discharge luminosity and current profiles for a 0.25
micron finish alumina which is subjected to abrasive polishing resulting in
surface damage and a high density of surface defects. It is to be noted in Fig. 3(a)
that the luminosity (photon emission) precedes the discharge current (electron
avalanche) by a few nanoseconds. The luminosity profile has an initial slowly
varying component followed by a steeply rising portion in the first few break-
downs. With successive breakdowns, the slowly varying portion decreases in
duration and almost disappears after a few shots, and the delay between the onset
of light and current signals also decreases as shown in Fig. 3(b). It is to be noted
that the temporal profiles of current and luminosity are vastly different and that
both change dynamically in the first few breakdowns. These and other results,
based on a systematic study, point to the important role of carrier trapping and
recombination processes, within the localized levels of the forbidden band gap,
due to the presence of surface defects [JAP 66(5), Sept. 1989] These results suggest
that surface breakdown is based on a solid-state model, controlled by defects and
imperfections, characteristic of the insulator surface.

The pulsed flashover performance is strongly influenced by the mechani-

cal grinding and polishing operations. Three different surface finishes of 99.9%

AlOj3 are studied:

(a) 0.8 micron; as fired.

(b) 0.25 micron; here the sample was ground on a wheel using diamond abrasive.
This high temperature, high pressure process is mutative, resulting in inter-
and trans-granular fracture surface features.

(c) 0.05 micron; uses a low pressure, room temperature polishing using a slurry.
The damaged layer produced in (b) is removed substantially, resulting in a
smooth surface with a shallower damage layer.

The results are shown in Table 1. The flashover strengths of the ground

samples (0.25 p) are lower than the as-fired samples by ~50% while the strengths
of the polished surfaces are intermediate between the two. The results are
attributed to sub-surface defects (fracture) induced by mechanical grinding for
0.25 u and partial removal of damage for the 0.05 u surfaces. The temporal
luminosity and current profiles are characteristic of a trapping mechanism due to
defects [JAP, 67 (11), June 1990]. The results suggest that the surface insulating
properties, as influenced by the microstructural features, are strongly dependent

(1]




on the precise mode of material removal during grinding and polishing opera-
tions, and hence cannot simply be correlated to the gross surface topography.

The performance of single crystal quartz (SiO2) shows improvement over
some poiycrystaiiine ailumina. In conjunction with the above tests, for the first
time, pulsed x-ray measurements were carried out which correlated well with
the breakdown characteristics. Table 2 shows the breakdown and x-ray data for
quartz specimens with the piezoelectric axis parallel (X-cut) and perpendicular
(Z-cut) to the applied field E. The Z-cut samples exhibit superior performance
over X-cut and have a lower incidence of pre-breakdown x-ray emission. Fig. 4
shows the pre-breakdown emission. Fig. 5 shows x-ray emission both during the
pre-breakdown and breakdown phases. The x-ray emission studies were also
carried out for alumina samples as shown in Table 3. Here, txpbd refers to the
time for the onset of pre-breakdown x-ray emission from voltage zero. The
results indicate that specimens with high pre-breakdown x-ray activity exhibit
lower voltage hold-off and vice versa. The strong correlation of the pre-break-
down x-ray emission activity with the insulator hold-off voltage represents a
valuable diagnostic tool in the practical choice of insulators for pulse power [1990
DEIV proceedings]. The superior performance of Z-cut quartz (>170 kV/cm)
exceeds anything that has been reported in the literature for straight cylindrical
samples.

A novel technique for comparing the insulating properties of different
dielectric surfaces, using an SEM, has been developed [1990 CEIDP proceedings].
An insulator bombarded by an energetic e-beam in an SEM becomes negatively
charged. The surface, thus charged, acts as a mirror for a low energy e-beam. The
objective lens of the SEM can be imaged (mirror). The mirror diameter is

inversely proportional to the dielectric constant ¢; of the surface. Fig. 6 shows a
typical mirror. Table 4 shows the results of two different surfaces of Al;03. The

larger mirror diameter implies lower & and larger band gap, and hence a larger
breakdown voltage. The one-to-one correspondence between the SEM mirror
data and surface breakdown strength proves the potential of this technique as a
ND tool to study surface defects, dielectric constant, band gap, and importantly,
the breakdown strength.

Table 5 shows a comparison between dc and pulsed breakdown voltages,
for 1 an long PMMA insulators, having different geometric profiles. For straight
cylindrical and conical frustrum shapes, the pulsed breakdown strength is signif-
icantly higher than the dc values. However, for other shapes (e.g., bevel at the
cathode or electrode covering samples), the higher dc vs. the pulsed breakdown
strength is attributed to time dependent surface charging due to surface defects.
From an engineering point of view it is important to note that designs offering
superior dc voltage hold-off do not necessarily offer high pulse withstand.

Y}



1I. Photoconducting Silicon in vacuum: The studies were carried out on high
purity Si (resistivity >30 kQ cm) in the form of circular cylinders (2.5 cm dia. x 1

cm long), using 0.39/10 ps impulse voltage excitation in an ambient of ~1 p Torr
vacuum. The <111> direction of the crystal was parallel to the axis of the cylin-
drical specimen along which the external electric field was applied. Specimens
with and without metal contacts were studied in a quasi-uniform field as shown
in Fig. 7.

Fig. 8 shows typical waveforms revealing 3 distinct phases leading to
flashover [IEEE Trans on E. Insul., Dec. 89]. The phase I prebreakdown current
has one of three distinguishing characteristics, depending on the type of contacts
and previous history. They are, for specimens with metal contacts:

(a) Ohmic dominant where the current peak Ip is proportional to voltage peak
Vp,

(b) Space charge limited (SCL) dominant where Ip @ Vp2, or

(c) Pure SCL current observed for specimen without metal contacts.

Fig. 9 shows typical SCL dominant current response. When the SCL
dominant phase I current reaches a threshold value, significant increase in
photonic emission results, as indicated by Point A in Fig. 10. The current
increases significantly at point B, accompanied by an increase in light emission

and partial voltage collapse, indicating the onset of phase II. In this phase, Ip &
Vp 7-3. At higher voltages, phase II leads to phase I, characterized by complete
voltage collapse and increase in current and light emission to their peak values.
When the phase I current reaches a critical value of 0.55 A, and if the photon
emission occurs near the voltage peak, breakdown (phase II or III) ensues. Based
on these experimental results, the flashover voltage has been successfully
computed from an analytical model, as shown in Table 6, for the three different
cases of phase I current.

The influence of chemical and mechanical imperfections on the surfaces
of high purity Si is studied. The imperfections were deliberately altered on the
specimen contact and cylindrical surfaces. Table 7 shows surface preparations for
the five different specimens studied. The mechanical polishing of the contacts

for specimen 2 involved final polish of the end surfaces with 0.05 um alumina.
The chemo-mechanical polishing of the contacts of the other specimens

involved final polish of the contacts with 0.05 pm colloidal Silica suspended in
KOH. For specimens 4 and 5, even the cylindrical surfaces were chemo-mechan-
ically polished. The etch indicates chemical etching in a 3:5:3 mixture of HF-
HANO3-CH3COOH solution. After the surfaces were prepared, *ha specimens
were cleaned either in water or by using the RCA procedure (HF based to remove
impurities), a standard industry procedure to etch IC Silicon wafers. Sample 5
was oxidized as a final step, which involved heating the entire specimen at

1100°C for 120 minutes in a dry O» ambient, to produce a surface layer of SiO».




Table 8 shows the phase I luminosity and breakdown voltage inception
values for samples 1 to 5. Chemo-mechanical polishing of the contacts and RCA
cleaning results in significant improvements in the onset of phase Il and phase
111 voltages (sample 3). Further, chemo-mechanical polishing of the cylindricai
surface (along which breakdown occurs) followed by RCA cleaning results in the
highest phase II and phase II voltages. Compared to a mechanically polished
contact (sample 2), the improvements are by a factor of ~3 and 2.5, respectively
[1990 CEIDP Proceedings]. Another important observation from Table 8 is that
the higher the onset voltage for the initiation of light activity in the phase I pre-
breakdown phase (VjL), the higher the phase II and phase III inception voltages.
Thus, the onset of light activity in the prebreakdown phase is an important fore-
caster of the device failure voltage and hence a significant ND tool.

The onset of partial collapse in voltage (phase II) is strongly correlated
with the injection of carriers from emission spots on the cathode as shown by the
micrograph of the cathode in Fig. 11. Fig. 12 shows light emission from injection
spots on the anode and cathode, captured by a gatable, intensified, 2d CID camera.
It demonstrates that charge injection in phase Il is clearly a bulk process, whereas,
as Fig. 13 shows, phase ITI or complete breakdown is a surface process.

The results indicate that irreversible device damage sets in at the onset of
phase II partial breakdown (Figs. 11 and 12), corresponding to the development of
injection spots. These light emitting injection spots, which are characteristic
microplasmas, are believed to be caused by avalanche breakdown at an inversion
layer formed near the cathode contact (IEEE Tr. on Electron. Devices).

Based on our experimental observations, involving fast electrical and
optical diagnostics, optical micrographs, and 2d imaging, we have proposed an
innovative model to describe surface breakdown of photoconducting Silicon.

IIL. Laser initiated switching of compressed N3 gas gaps: The effect of insulator
(plexiglas) diameter (1, 4, and 6 cms) and pressure (0.1 to 0.4 Mpa) were studied
using coordinated measurements of discharge current and luminosity, with
nanosecond response time. Delay times to the onset of discharge from laser
initiation and the threshold laser initiated breakdown voltage were also
measured. The results indicate that the insulator surface impedes the develop-
ment of the discharge in both the avalanche (onset) and streamer phases of
breakdown. The results also indicate that a surface breakdown can be initiated
using a low energy laser (90 uJ) with very low jitter. The results are presented
and discussed in detail in a journal article: IEEE Tr. on Plasma Science, 17(4), pp.
588-94, Aug. 1989.
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List of Publications from the SDIO/ONR iR l

"Observation of Three Distinct Phases Leading to Pulsed Surface Flashover Along Silicon
in Vacuum”, with S.H. Nam, 13th Int. Symp. on Discharges and Electrical Insulation in
Vacuum, Paris, 1988. Also published in the IEEE Trans. on Electrical Insulation, Vol. 24,
No. 6, pp.979-83, 1989.

"Studies on the self and laser initiated discharge characteristics at dielectric/gas in-
terfaces”,with K. Foo, IEEE Trans. on Plasma Science, 17(4), pp.588-94, Aug. 1989.

“Effect of Leakage Current and Light Emission on Surface Flashover along Silicon in
Vacuum®, with S.H. Nam, 6th Intl. Symp. on High Voltage Engineering, Aug. 1989, New
Orleans.

"Influence of Insulator Surface Finish on the Pulsed Surface Flashover performance”, with
Bommakanti, 7th Pulsed Power Conference, pp.828-31, June 1989, Monterey, California.

"Pre-breakdown (leakage) and Breakdown Currents and Light Emission Related to Surface
Flashover Along Silicon in Vacuum", with Nam, pp.362-64, IBID.

"Trap Dominated Breakdown Processes in an Insulator Bridged Vacuum Gap", with
Bommakanti, J. of Applied Physics, 66(5), pp.2091-99, Sept. 1989.

"Influence of Mechanical Grinding and Polishing Operations of Brittle Polycrystalline Alumina on
the Pulsed Surface Flashover Performance”, with Bommakanti, J. of applied Physics, 67 (11),
pp-6991-97, June 1990.

"Pulsed Surface Flashover Performance of Monocrystalline SiO2 Bridged Vacuum Gaps", with
Bommakanti and Le Gressus, XIV Int. Symp. on Discharges and Electrical Insulation in Vacuum",
Santa Fe, NM, Sept. 1990.

"An SEM Technique for Investigating the Insulating Properties of Dielectric Surfaces”, with
Bommakanti and Le Gressus, Conf. on Electrical Insulation and Dielectric Phen., Oct. 1990.

"Pulsed Voltage Pre-breakdown observations on Silicon in Vacuum", with Gamble and Faust, Cor/.
on Electrical Insulation and Dielectric Phen., Oct. 1990.

"New Findings of Pulsed Surface Breakdown Along Silicon in Vacuum”, with S.H. Nam, Accepted
IEEE Trans. on Electron Devices.

"Measurement of Electrical and Optical Avalanches Near Solid Insulators in High pressure (up to
0.3 MPa) Nitrogen Gas", with S. M. Mahajan, Submitted to the ]. of Applied Physics.

Students Supported under the Contract.

Three Ph.D Students - graduated.
Four M.S. Students - two graduated.
Three Undergraduate Research Assistants.
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Prebreakdown x-ray activity only

Fig. 4 Oscillogram showing x-ray emission without the occurrence of
breakdown. Time @ 1.0 ps/div, Upper trace: Voltage @ 83 kV/div,
Lower trace: x-ray detector output @ 100 mV/div.
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Prebreakdown and breakdown x-ray activity

Fig. 5 Oscillogram showing x-ray emission both during the prebreakdown and
breakdown phases. Time @ 0.75 ps/div, Upper trace: Voltage @ 63
kV/div, Lower trace: x-ray detector output @ 100 mV/div.
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Fig.6. SEM image of the microscope beam aperture
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Light emission from injection spots recorded using 2 2d
CID camera.




Fig. 13

Complete breakdown (phase III) along the surface of Si
recorded using a 2d CID camera.
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Table 5. Influence of insulator geometry on the pulsed and dc surface
flashover in insulator bridged vacuum gaps

Sample
geometry _ Impulse (0.15/20 ps) stress dc stress
[ MeTAL
HE P Vbd Vc Vho Vi Ve
kV) (kV) V) kV) kV)
CATHODE
ANODE 70 95 90 35 58
58 71 68 >100 >100
CATHODE
ANCDE
70 70 68 40 58
CATHODE
ANODE 90 108 100 >100 >100
100 100 100 >100 >100
111 >150 >150 425 >80
>150 >150 >150 56.5 59
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- Surface finish Cleanin Other
Specimen | —~ et |Cylindreal s

#1 chemo etch water —

#2 mech etch water —_

#3 chemo etch RCA —

#4 chemo chemo RCA —

#5 chemo chemo RCA oxidized
Table-7. Summary of Specimen Surface Preparation




a8ejjoa uondaout ] asey d : €A
aBeyoa uondadur ] asey  : UA
a8ejjoa uondaour Ajisourwuny : 1A

DOZIpIXO pue

p# se awes ord - €C owayd GH#
VOuU + PaYystod
"YOW-OWYD
20e)Ins €€ G'9¢ qol owayd Vi#
resrrpur(fo
pauesp VO 14 (74 g1l OwraYyod c#
pauesp 19jem 70 o 0% owsP %
pauesp iojem L 08 0% ICAIULVRELT "
ysuy
juswwIo)) €A A TA }OBIU0D udwdads
( A ut axe sagejjoA )

sadejjoa uondaour umopyearg pue Aysourwn
8 41dV.L




l.F

PHOTOCONDUCTIVE SWITCHING AND
BREAKDOWN
INVESTIGATED WITH ELECTRO-OPTIC IMAGING

William Donaldson
Laboratory for Laser Energetics
250 East River Road
Rochester, NY 14623-1299




Il B N I B b Tl BB S B B B B B BN G B e

PHOTOCONDUCTIVE SWITCHING AND BREAKDOWN
INVESTIGATION WITH ELECTRO-OPTIC IMAGING
W. Donaldson
LABORATORY FOR LASER ENERGETICS
University of Rochester

250 East River Road
Rochester, NY 14623-1299

INTRODUCTION

The goal of this program was to develop diagnostic techniques for measuring
electric fields on the surfaces of semiconductors to identify the mechanisms leading to
surface breakdown. The primary diagnostic that was employed relied on the Pockels effect
which mixes the electric field on a semiconductor surface with that of an incident optical
pulse in a nonlinear crystal, rotating the polarization of the optical pulse. This rotation can
be detected and used to extract the surface electric field. Since the optical probe pulse has a
duration of 100 ps (the sampling time of the measurement), this technique has very high
bandwidth. This diagnostic allows us to study the physics of semiconductors subjected to
high fields. The results of this research should aid in developing techniques for the
reduction of surface breakdown on solid-state switches and an understanding of the
physics of photoconductive switches of potential use for SDIO-directed energy weapons.

The simultaneous requirements of speed and high voltage capability can place
narrow constraints on the pulse power switches. Optimizing both of these performance
parameters results in significant electric fields between electrodes, possibly leading to
surface breakdown. A particularly interesting class of such high-power switches,
semiconductor photoconductors, have become increasingly useful for pulsed-power
applications where high voltage must be switched on a short time scale. Photoconductive
switches can switch tens of kilovolts with picosecond rise times. A variety of devices

make use of the high-speed, high-voltage devices. They have been used for microwave




generation, in Pockels cell drivers, and in innovative accelerator designs. 12 Although
various semiconductors have been investigated for use as switches, Silicon and GaAs are
the most popular materials for use in high-power photoconductive switches. GaAs is
particularly suited for high-voltage switches as its high resistivity (p > 107 Qcm) makes it
less susceptible to thermal runaway than the more conductive Si. This is very important, as
the electric field, and therefore, the leakage current between electrodes on a semiconductor
photoconductive switch can be significant at field strengths of 10~50 kV/cm. A more
significant concern is that the switches will preferentially breakdown along the surface
between electrodes at these field strengths. Surface breakdown is the primary failure mode
for photoconductive switches and places a limit on their operation. It would be
advantageous to approach the bulk breakdown threshold of 200 kV/cm. The threshold
voltage for surface breakdown is the maximum operating voltage for a photoconductive
switch. This problem is compounded by the need to shorten the electrode gap to increase
switching speed, thus increasing the electric field across the switch for a given bias voltage.
Engineering considerations, such as the need to improve switch reliability, and the desire to
explain certain physical phenomena associated with high-voltage switching, have motivated
the investigation of the dynamics of photoconducuvity. Despite their relevance to switch
engineering, the mechanisms of surface breakdown and photoconductivity are not well
understood. A detailed measurement of the surface electric field between the electrodes
would be very useful in studying the phenomenon of surface breakdown.

To better understand the physics of photoconductivity and surface breakdown, it is
necessary to monitor a photoconductive switch during the switching and breakdown
processes. This is usually done by looking at the switched output waveform with a
conventional or sampling oscilloscope. However, for switching speeds on the order of a
picosecond, oscilloscopes do not have sufficient bandwidth to temporally resolve the
switch rise time. Temporal resolution is greatly improved if the switched output is sampled

electro-optically. This is a technique that uses optical probes to measure fast electrical




transients.3 Briefly, the birefringence of an electro-optic crystal, placed in the vicinity of
an electronic circuit, is modified by stray electric fields surrounding the circuit. The electric
field can be measured by probing the electro-optic crystal with a fast, polarized optical
pulse and monitoring the change in polarization. The duration of the optical pulse
determines the bandwidth of the system. This technique has been used to measure the
picosecond and subpicosecond response of electronic devices.# (The effective bandwidth
of the electro-optic sampling technique is limited to about 1 THz due to absorption in the
electro-optic sampiing crystal.) The switched output transient behavior can be measured
and temporally resolved using electro-optic sampling. Such a measurement of the output
waveform yields information about the temporal evolution of the voltage at the output
electrode of the switch, but gives no information about the evolution of the electric field
within the electrode gap itself. The electric field in the contact gap must be changing
rapidly in both time and space. By combining electro-optic sampling, short-pulse lasers,
and imaging technology, an ultrafast, 2-D, electro-optic imaging system was developed that
can monitor rapid variations of the electric field over an extended region. This system can
produce maps of the surface electric field between contacts on photoconductive switches
that can be used to determine the electric field configuration for different contact shapes,
separation, and preparation. Electrodes can be designed to minimize surface breakdown
and, hence, maximize switch operating voltage. Moreover, the surface electric field is
related to the internal field in the semiconductor because the tangential component of the
electric field is continuous across a dielectric interface. The internal field is modified by the
presence of carriers in the contact gap. Thus, surface field imaging can be used to
investigate the behavior of charge carriers within the semiconductor.

The physics of photoconductivity can be studied by monitoring the influence of
photogenerated carriers on the surface field. Switch performance parameters, such as
switching efficiency, carrier transport, and switching speed, were measured by this optical

technique. In addition, the formation of a surface arc during breakdown can be observed




through its disturbance of the electric field in the gap. Surface field maps could also be
useful in the design of other high-field devices, not just photoconductive switches.
Integrated circuits, while low bias devices, require contacts to be closely spaced resulting in
high fields between electrodes. Surface field maps of entire LSI circuits could be obtained
with the electro-optic imaging system and be used to pinpoint possible breakdown points.
The work on this project progressed through an number of phases. The first
requirement was to show that surface fields could be mapped with the electro-optic
sampling technique. Thus we looked at static fields to see geometric and contact effects.
The next phase was to show that the field could be imaged with a detector array rather than
a single detector. This allowed the mapping of multiple spatial events with a single laser
pulse. Finally, the system was upgraded to use 2-D detectors and single-shot imaging.

The dynamics of both photoconductivity and surface breakdown were measured.

MEASUREMENT TECHNIQUE: STATIC 2-D AND DYNAMIC 1-D
IMAGING

An electro-optic crystal placed in the fringing electric field above the semiconductor
surface experiences a change in its birefringence as a function of the electric field. The
change in the birefringence is monitored by probing the crystal with polarized light as
shown in Fig. 1. The light passes through a polarizer; a wave plate, to provide an
adjustable bias to the transmission; the electro-optic (e-0) crystal; and then reflects off a
dielectric mirror to retrace its path. Because of the wave plate and the static birefringence of
the e-o crystal, the polarizer is effectively crossed with respect to itself. This effect can be
viewed as the mixing of a dc electric field and an optical field in a crystal to produce a new
optical field with its polarization rotated with respect to the original optical field. When the

crystal is placed between crossed polarizers, the transmission is given by:
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where E is the magnitude of the dc electric field;  is the optical path length through the
crystal; ¢ is a constant optical rotation due to the wave plate and static birefringence of the
crystal; and K is a constant that depends on material parameters, the crystal orientation, and
the frequency of the optical ﬁeld.5 By choosing the type of crystal and its orientation, the
Pockels effect can be made sensitive to only one spatial component of the applied electric
field.

A dielectric mirror is bonded directly to the e-o crystal and the entire assembly is
placed directly on top of the surface to be monitored. The surface typically has two
rectangular electrodes separated by a fixed distance. The e-o crystal was LiTaO3. Its optic
axis was perpendicular both to the direction of light propagation and the edges of the
electrodes. Thus the optic axis was orientated along the electric field lines and the Pockels
effect was sensitive to only the component of the electric field perpendicular to the electrode
edges.

The principle assumption of this work is that the measured electric will not be
uniform over the surface being measured. The initial measurements investigated the low
voltage quasi-static configuration of the surface electric field. A piece of LiTaO3 was
placed across evaporated metal contacts on both silicon and gallium arsenide. A time
varying potential was placed across the contacts that induced a modulation of the
birefringence of the LiTaO5 in both space and time via the Pockels effect. A tightly focused
cw HeNe laser, with a spot size of approximately 40 pm, probed the change in
birefringence. The spatial profile was obtained by translating the e-o crystal and
semiconductor such that different points were illuminated by the laser beam. The low
voltage applied to these devices produced very weak modulation of the the optical signal
requiring that the signal be extracted with phase-sensitive detection. This experiment
demonstrated that we could spatially resolve the surface electric field on the surface of the

semiconductor.




The data acquired as described above had two serious drawbacks. It lacked
temporal resolution and required that the beam be scanned across the device to acquire the
total spatial variation of the field. Such conditions are incompatible with the need to record
spatially non-local, transient events typical of a surface breakdown and photoconductivity.
The ability to time resolve events came with the introduction of short-pulse laser probes. A
single-light pulse from a frequency-doubled, mode-locked, amplified Nd:YAG laser
sampled the electric field only while it traversed the sampling crystal (~150 ps). At field
strengths that are comparable with the field necessary to cause the direction of the
polarization vector in the sampling crystal to change by one-half wave (~1-10 kV/mm), the
image can be acquired with a single optical pulse. Otherwise, the optical modulation would
be too weak to be extracted without the aid of extensive signal processing. (A primary
requirement of the diagnostic we developed was that it be able to acquire images of a single
event.) With short-pulse lasers, it is possible to take 100-ps snapshots of any given event.
A series of sequential snapshots, can be taken to record the temporal variation in the field.
Thus, we can make a movie of the temporal change in the field.

The spatial variation in the surface field can be monitored by illuminating the entire
area of interest. Instead of using a single detector and scanning a tightly focused spot, a
detector array captured an image of the entire field of interest, which increased the speed of
data acquisition. Each detector element measured only a small portion of the electric field.
The initial experiment was done with a 512-element, linear-intensified diode array. A
2-mm gap with identically prepared gold-coated, laser-annealed contacts on intrinsic silicon
(7000 Qcm) was pulsed biased with a short electrical pulse synchronized with respect to
the laser pulse. The sample was illuminated with a 120-ps, 532-nm light pulse at the peak
of the voltage pulse. A 50-Q load was placed on the low side of the silicon and the leakage
through the material was monitored. The lack of photoconductive switching at the load
guaranteed that none of the light coupled through the dielectric mirror into the silicon. It is

important that the probe light does not perturb the field. The laser illuminated a circular




region on the silicon surface. The detector acquired a 1-D slice of the electric field on a line
joining the two electrodes midway between the ends of the electrodes. This was the first
demonstration of imaging technology applied to electro-optic field measurements. Initially,
the electric pulse was applied with conventional electronic devices giving a quasi-static
measurement. Later the electrical pulse was applied with a second photoconductive switch

to give better time resolution.

ANALYSIS OF EARLY EXPERIMENTS

The static electric field distribution produced by the coplanar electrodes used in
these experiments was not uniform. It is a common field configuration encountered when
fabricating devices on wafers (e.g., coplanar transmission lines between transistors in
VLSI circuits or photoconductive switches fabricated on wafer substrates). The field lines
in a plane perpendicular to the surface are shown in Fig. 2(b). They may be derived from

the simple case illustrated in Fig. 2(a) by the operation of the conformal transformation®:

z = 2 8n( {[1 + sin(w)] "2+ [b, + sinw)] Y2} /b, - DV2) @

Followed by the second transformation:

2 = wd-2a( {1 + sin(iz+n/2-iwg)] 2+ [b, + siniz+n/2-iwg)] 2 }/[b, - 1]"2). 3)

Where:
b, = 2coth?(x1,/21)-1 = ~1, (4)

Wy is the normalized gap width; 1. is the electrode length; and g the substrate thickness.
These transformations fold the electrode end faces out into the coplanar geometry.

The second transformation is only valid if the transformed plane is at infinite distance from

the first plane because the electric field lines must be normal to the second plane.

However, if the electrodes are sufficiently far apart, the deviation from normal incidence is




negligible. The transformation defines the expected value of the electric field throughout
the volume of the semiconductor provided that the measurement is not taken near the
corners of the electrodes. The fringing field outside of the semiconductor can be inferred
from electromagnetic theory (i.e., the surface electric field is continuous across a dielectric
interface). Thus the coplanar electrode configuration provides a reasonable test of our
ability to map electric field configurations.

From the known electric field configurations in Fig. 2(a), the electric field in
Fig. 2(b) can be calculated. For the type of e-o crystal that was used in this experiment,
the electric field along the y axis in Fig. 2(b) was measured. Figure 3 shows the field in
the plane of the interface. The features are exactly as expected. Above the contacts the
electric field is normal to the surface; therefore, the field along the y axis is zero. At the
edge of the contacts the field lines bunch-up due to the attraction of charges on the
opposing electrodes. However, this is not what is actually measured. What is actually

measured is:

JIA IEy(x,y)afaA &)

This integral () is over the thickness of the e-o crystal and is clearly dependent on that
thickness. Figure 4 shows the integrated detected signal as a function of the e-o crystal
thickness. The uppermost curve indicates what happens if the crystal is so thick that the
integral extends over all the field lines. The surface features are completely obscured
because the total integrated flux is conserved between the electrodes. Alternatively, if the
crystal is too thin, then the modulation imparted to the light signal becomes very small,
since the amount of rotation is proportional to the optical path length in the crystal.
However, the high dielectric of the e-o crystal will trap most of the field lines, reducing the

peaking of the contacts. Additionally, smearing of the detected signal is also incorporated




into the calculation of the curves in Fig. 4. The signal must be averaged over either the
laser spot size or the size of the detector element on which it is imaged. In Eq. (5) this is
represented by the integral over the illuminated area (IA).

The usefulness of this technique has been demonstrated at low voltage where the
preparation of the contacts on the semiconductor has been shown to influence the dc electric
field distribution. This is the work that was done with the cw probe and the phase sensitive
detection. The primary purpose of the cw experiments was to demonstrate that we could
detect spatial variations in the field. The electric field was essentially dc (actually a low
frequency, 1 kHz, square wave). In addition to demonstrating the ability to monitor
surface fields, the experiments proved to be a reliable method of characterizing the contacts.
Figure 5 shows a cross-sectional view of the field along the center line between the contact
pads on GaAs. The figure shows the general features that are expected, the bunching at the
contacts, and the tailing off at the electrodes. The sampling crystal was thick with respect
to the electrode separation. Therefore, the peaks exhibit a significant amount of smearing.
What is most interesting is the asymmetry of the electric field. The contacts were
identically prepared, so no asymmetry was expected from the material properties of the
sample. When the polarity of the applied bias was reversed, the asymmetric field
distribution also reversed. This indicated the contacts were not ohmic with respect to the
different carrier species (electrons and holes). It was also noted that as the contacts became
more ohmic, the peaking at the edges decreased. Semiconductors, with their mobile charge
carriers, that can move in response to the applied field, would not be expected to ridgely
conform to the field distribution described above. The cw data also showed that a full 2-D
map of the electric field could be acquired. Figure 6 is an 3-D plot of the electro-optic
image of the electric field on a silicon switch.

Time-resolved data was taken to determine the time scale on which the asymmetry
illustrated in the cw data evolved. The data was taken by grounding one of the electrodes

on a sample prepared on high-resistivity silicon (p =7 kQcm). The dielectric relaxation




time of this material is given by the product, pe, where € is the dielectric constant of the
silicon. Thus on time scales <7 ns we expect to see transient behavior of the silicon in
response to an applied electric field. A photoconductive switch was used to pulse bias the
test structure on a 100-ps time scale. One electrode was grounded and the other was
attached to a terminated 50-Q line driven by a photoconductive switch. The switch was
triggered with a 1.06-pm light pulse from a Nd:YAG regenerative amplifier. A 0.532-um
pulse, derived by frequency doubling a portion of the 1.06-um pulse, probed the LiTaO4
crystal on the second photoconductive gap, which was not triggered. An optical delay line
in the path of the 1.06-um light provided a variable time delay between the voltage and
probe.

The optical image of the electric field was measured with a gated diode array at
various time delays between the pump and probe. Figure 7 shows three traces of the
surface electric field of a device with a 2-mm gap pulsed with a 1-kV voltage pulse at
various time delays. The units of vertical axis are in percent modulation of the light signal
(i.e., the signal obtained with the voltage on, minus the signal with the voltage off, divided
by the signal with the voltage off). Thus the acquired signal was relatively immune to
variations in the illumination profile. At very early times (A), very little voltage has built up
but the device appears to be symmetric in response to the electric field. Curve (B), 166 ps
later, shows that a significant voltage has built up across the device and the field is still
symmetric. At 166 ps later still (C), the voltage is still rising but the field shows a definite
asymmetry. The simple explanation of this data is that at early times the electrical inertia of
the silicon prevents it from reacting to the field. The device then behaves as if it were a
perfect dielectric, and the field rises symmetrically on both electrodes. Later, as the charge
carriers in the silicon begin to rearrange in response to the field, the field itself is modified
by the charges in the silicon.

Although the applied fields were less than those necessary to cause breakdown,

some features about the semiconductors could readily be discerned from the electro-optic
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imaging data. The contacts were asymmetric with respect to the applied voltage. With
some combinations of materials and contact preparation, one contact had a higher field
enhancement at the edge than the other. The enhancement shifted as the polarity of the
applied voltage reversed. Such field enhancements are probably due to differences in the
injection of holes and electrons at the contacts. They may play an important part in
initiating breakdown. Also, the field profiles were undoubtedly affected by the uniformity
of probe illumination. This problem has been dealt with in the 2-D imaging system

described in the next section.

2-D ELECTRO-OPTIC SAMPLING

The logical extension of the earlier single-point, time-averaged, and 1-D time-
resolved probes has produced the current 2-D, time-resolved electro-optic imaging system
which can obtain surface field maps in real time with picosecond temporal resolution.”>8 If
the probe beam only illuminates a small portion of the crystal, the electric field only in that
region will be measured. If the entire crystal is illuminated by the probe beam, the electric
field at every point in the crystal will be interrogated. The probe beam will then be
imprinted with an optical analog of the spatial electric field distribution in the crystal.
Spatial variations in the field can be recorded with a video camera without requiring
translation of the sampling point across the crystal. This is the essential operating principle
of the 2-D electro-optic probe. The electric field in the crystal is sampled only when the
probe pulse is present. In effect, the electric field is "frozen” by the probe "strobe” so that
a snapshot of the instantaneous electric field is taken. Two different probe geometries were
used and the pump/probe roles of the fundamental and second harmonic of Nd:YAG could
be reversed. Figure 1 shows the surface field probe set up to measure the field of a
photoconductive switch of a surface device type, i.e., the metallic contacts are in the same
plane on the surface of a semiconductor substrate. Figure 8 shows the probe set up to

measure the field of a bulk photoconductive switch, which has contacts on opposite faces
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of a rectangular slab of a semiconductor. The geometry shown in Fig. 8 had the advantage
of a much simpler (i.e., spatially uniform) field distribution. For either type of switch,
probe operation is the same, only the IR pump geometry is different. When a bias voltage
is applied to the metallic contacts, an electric field is established between the contacts.
There is a fringing field which extends above the surface of the semiconductor. The e-o
crystal is placed directly on top of the switch, covering the contact gap completely. The
crystal is immersed in the fringing electric field of the contacts above the surface of the
semiconductor, and its birefringence is altered by this surface field. The optical probe is
polarized and directed onto the crystal and test switch. The probe beam diameter is greater
than the contact gap so that the entire contact gap is illuminated. The beam traverses the
crystal and is reflected back onto itself by the dielectric mirror on the semiconductor side of
the crystal. While the probe beam is in the crystal, the beam's polarization is modulated by
the electrically induced crystal birefringence so that the polarization of the back-reflected
beam is altered with respect to the incoming beam. Any component of the back-reflected
beam with polarization different from the incoming beam will be rejected by the polarizer.
Each point in the rejected beam has sampled the local birefringence of the corresponding
point in the crystal. Thus, the intensity of the rejected beam is an optical replica of the
electrically induced birefringence pattern in the crystal. The back-reflected beam is imaged
onto a 2-D diode array that records the back-reflected beam's intensity profile. Each pixel
in the array image has a corresponding point in the crystal. As the optical probe makes a
double pass through the polarizer, the crystal can be considered to be between two crossed
polarizers. The second polarizer is crossed because of the action of the A/4 plate and the
LiTaO3 birefringence. The intensity at any given point in the cross section of the back-
reflected beam will depend on the sine squared of the polarization rotation experienced by
that particular beam element as it traverses the crystal. The transmission to a detector

element (i,j) can be written:
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where I;(V) is the light intensity measured at camera pixel (i,j) when a voltage V is applied
to the electrodes; I';; is the intensity that appears at the camera if 100% of the light is
imaged onto the camera without bias voltage applied; E;; is the magnitude of the local
electric field; a; is a constant for a given point (i,j) which relates the electro-optic
coefficient to the local electric field and whose value depends on material parameters,
optical path length in the crystal, electrode geometry, and frequency of applied optical field;
and Bij is a constant optical rotation due to static birefringence in the crystal and A/4 wave
plate. The A/4 plate chooses where the probe beam sits on the sine-squared transmission
curve with no voltage applied. By comparing the intensity at the camera with and without
voltage applied, the rotation due to the electric field can be determined. This is a much
more sophisticated procedure than the simple percent modulation done with the earlier
work.

a; is determined by taking a series of images at fixed voltages and fitting them to
Eq. (6). The e-o crystal used was y-cut LiTaO3 that was 0.5 mm thick. It was cut to
completely cover the contact gap of the switch being studied. The top surface of the
LiTaO3 was antireflection coated to prevent spurious back reflection and improve
transmission through the crystal. The bottom surface was coated with the a dielectric
mirror that had a reflectivity of 99.3% at 532 nm. A conventional oscilloscope attached to
the load side of the switch studied revealed that the green light caused a voltage pulse equal
to about 10-6 times the applied bias voltage to be switched to the load. This is negligible:
the probe effectively does not excite the switch. The LiTaO3 optic axis (z axis) was
perpendicular to the contact edges and parallel to the applied electric field. In this
geometry, the crystal is sensitive primarily to the electric field component parallel to the

LiTaO; optic axis. The complete probe system is shown in Fig. 9.
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The laser source is a Nd:YAG regenerative amplifier seeded by a Nd:YAG mode-
locked oscillator with a wavelength of 1064 nm and a pulse width of 150 ps. The mode-
locked pulses are amplified to approximately 300 pJ and switched out of the laser with a
double Pockels cell arrangement to yield pulses that have a prepulse to main pulse contrast
ratio of at least 4000:1.9 The pulse repetition rate is 30 Hz. The infrared beam from the
amplifier is first upcollimated and then split, 90% for switching use and 10% for second-
harmonic generation. This green beam is upcollimated and serves as the probe beam. The
green beam diameter is 1.25 cm, which completely illuminated the electrode gaps that were
studied. The back-reflected green probe beam pulses are imaged onto a 512 x 512 element
CID camera. The CID camera is interfaced to a personal computer through a video frame
grabber supplying a digital image of the modulated probe beam. Images are digitized with
8-bit resolution. The camera response was measured to be linear with applied light
intensity over the range of intensity used in this experiment. As the green probe was only
140 ps in duration, the switch surface field is sampled only during a short window in time.
If an infrared excitation pulse illuminated the switch during this window, the switch field
could be sampled during the photoconductive collapse. For surface switches, as in Fig. 1,
this is accomplished by directing a pump pulse onto the switch gap collinear with the probe
pulse. The surface switches can be studied with both the IR pump with a visible probe and
the visible pump with IR probe. Sampling crystals with different coatings were used as
were the relative amounts optical energy directed to the second harmonic crystal. For the
bulk switches, the infrared illuminates the switch directly through the metallic mesh
contacts. By sweeping the 140-ps sampling window through the photoconductively
induced event, the switch surface field can be monitored as it evolves in time. This is
actually 512 x 512 separate, parallel pump-probe experiments, each probing a different
spatial region in the electrode gap. The sampling window is moved in time by changing the
length of an optical delay line in the pump beamline. As the pump and probe are derived

from the same laser pulse and timed optically, there is no jitter.
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For the probe to operate in real time, i.e., without averaging, data must be collected
with a single laser pulse. As the system operates in the high-field regime, the electric field
applied to the e-o crystal causes the optical polarization vector of the probe pulse to change
by a significant fraction of n/2(>2%). At these fields, the change in transmission to the
camera is large with respect to the shot-to-shot noise in the laser pulse. Thus, the electro-
optic images can be acquired without averaging. This is essential to image random events
such as surface breakdown. To ensure that the camera sees only one laser pulse. the
camera and laser are synchronized to the same electronic oscillator, with a pulse from the
camera triggering the firing of the laser. The overall energy of every laser pulse is
measured with a fast diode. Any pulse that is not within 10% of a reference value is
rejected and the measurement is repeated.

The field data must be extracted from the raw camera image. The values of a;; and

B;; for each point (i,j) must be determined so that given the transmission Tj;, the field Ej

ij
can be determined. The crystal is not illuminated uniformly because the probe beam has a
Gaussian spatial profile. This must be considered in the analysis of the data. Therefore,
before the field can be determined, the raw image must be normalized with respect to the
beam profile, so that the transmissivity and not the transmitted intensity is used.

To calculate the transmissivity, each image acquired by the camera is normalized to
a stored reference image. This reference image is the average of four frames taken with the
quarter-wave plate set for maximum transmission. The light intensity is adjusted so that the
most intense pixel is just within the 8-bit camera resolution; i.e., no points in the detector
field are saturated. This reference image contains I';; for each point (i,j), as in Eq. (6).
Images normalized with respect to this reference are scaled to the maximum signal and
represent I;;(V)/T;.

The values of a;; and B,-j are obtained by calibrating the response of the probe to

applied electric field. A quasi-dc, i.e, long compared to the light pulse, bias voltage is

applied to the contacts by a computer controlled high-voltage pulser. The amplitude of the
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applied voltage pulse is well below the breakdown threshold. The initial data that was
taken with the 2-D imaging system was reduced to a 32 x 32 format by averaging over
pixels. This array size reduction is done so that image acquisitior., processing, and display
can be done with a PC rather than a workstation and in real time, i.e., without any post-
processing. This allows for rapid scanning of camera images. The bias voltage is varied
from 0-9.5 kV in 500 V increments. An image was taken at each voltage. The
transmission curve [Eq. (6)] for each of the 1024 elements of the reduced image was
determined experimentally by this procedure. a; and Bij were obtained by performing a
least squares fit of the experimental transmission curve to Eq. (6) for each element in the
reduced image. Figure 9 shows this dc calibration for one element of the reduced image.
The biasing is chosen such that all points lie within one-half cycle of the transmission
curve. Due to the sinusoidal nature of Eq. (6), it is sometimes necessary to reduce
sensitivity to see large effects. The current system takes full 512 x 512 images at 4 voltage
settings and uses that data to calculate the least squares fit.

After correcting for the probe beam spatial profile and calibrating the crystal
response, the surface electric field information can be decoded from the raw images from
the camera. To measure the field, a frame is first acquired with high-voltage bias on and
then with the bias off. The images are scaled by cross-referencing the raw image pixel
(with voltage on) value and the corresponding reference pixel (voltage off) value and using
a look-up table to determine the scaled image pixel value. The zero bias image is used to
remove the contribution of the static birefringence, Bij. The lookup table associates each
pair of points in the reference and voltage images with a value corresponding to the product
a;;E;;. The scaled pixel image is divided by a;, as determined by the dc calibration

described earlier, to yield Eij- The field, E;

i is given in units of "equivalent electrode

voltage," or EEV, which means that the point (i,j) is responding to the applied electric field
as if a voltage E;; were applied to the electrodes. Although the electrode bias voltage may

be constant, the local field E;; may be nonuniform due to the presence of carriers or
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bending of field lines due to the geometry of the electrodes. An underlying assumption of
this work is that the field between the contacts will be nonuniform. The resulting field map
of the electric field has an 8-bit range and can be displayed as a false-color image on a
monitor or the digital image can be manipulated to produce field contour plots, 3-D plots,
or field cross sections at a particular line across the switch. The optical system is capable
of producing images with a spatial resolution of 3 um per pixel. Therefore, the electric
field can be measured with this type of spatial resolution. It requires that the above
calibration procedure be applied to the entire 512 x 512 array. The minimum electric field

sensitivity is approximately 200 V/cm and can be adjusted by rotating the quarter-wave

plate before the LiTaOs.

CHARACTERIZATION OF PHOTOCONDUCTIVE SWITCHING

Silicon and GaAs photoconductive switches have been studied with the majority of
the work done with GaAs. The Si switches are surface devices, as in Fig. 1. The GaAs
switches are bulk devices, as in Fig. 7, as well as surface devices. Figures 10 and 11
show typical raw, unnormalized, field images obtained with the electro-optic imaging
system. Figure 10 shows successive lineouts of the surface field over a 3-mm gap Si
switch taken through the center of the switch parallel to the contact edge. The switch gap
has been illuminated by the IR pump pulse. Time is relative to the position of the IR optical
delay line. The surface electric field begins collapsing at the onset of photoconductive
switching and has collapsed completely within 300 ps, consistent with the ~200-ps pulse
width of the laser. Figure 10 illustrates the ability of the system to monitor the surface field
in the switch gap during switch operation, and the ability to measure switching parameters
like switch rise time, using the field across the electrode gap. The field collapse is spatially
uniform. This is typical of the imaging we saw in silicon. The field collapses as the light
pulse is applied and shows no oscillation or recovery. Figure 11 shows the result of

nonuniform IR illumination on the Si switch surface field. The center of the switch gap
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was illuminated with a pinpoint (~40 pm) spot of infrared laser energy. This local
illumination photogenerates carriers only in a small region at the gap center. These carriers
migrate outward, collapsing the surface field as they drift. Figure 11 illustrates that ability
of the system to map nonuniform fields and to observe carrier migration within the switch
gap. One significant feature of the field on the coplanar silicon switch is that we have not
detected the significant field enhancements at the contact edge we would have suspected
from the geometry. This may be due to a number of factors including: the presence of
ohmic contact, the conductivity of the substrate, and the averaging of the dielectric crystal.
The primary physical system investigated was the collapse of the electric field in a
GaAs photoconductive switch both bulk and planar. GaAs has a band gap of 1.42 eV.
Photoexcitation of an electron into the conduction band with the IR pump (A = 1064 nm,
1.17 eV) is due to the mid-gap donor EL2. At 532 nm, the excitation is direct band-to-
band electron-hole gencration.lo The bulk switches were fabricated by the U.S. Army
Electronic Technology and Device Laboratory by depositing circular contacts of NiAu:Ge
on opposite faces of a blocks of intrinsic GaAs 0.6 to 1 cm thick. The GaAs was high
resistivity material (p ~107 cm) supplied by MA-COM. The absorption coefficient was
measured to be 1.39 cm-! at 1.06 um. The center region of the contact was perforated with
holes to allow light to pass through into the bulk of the GaAs. This resulted in a
nonuniform carrier density profile that decreased exponentially across the switch. The
contact preparation was also varied with the 6-mm thick switches having an ion
implantation under the metallization to make ohmic contacts; the other samples had contacts
deposited on bare GaAs. Skin effect conduction may be ignored. This switch design is of
interest for its applicability to the coaxial geometry11 and for its relative immunity to
surface breakdown, because a surface arc must travel out to the edge, down the side and
back into the center—a very long physical path. This design is also useful because parallel
contact geometry allows for uniform fields which facilitate extraction of absolute field

values. The coplanar geometry, by contrast, has a much more complicated field pattern.
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To access the fields between the contacts, this design has been modified by cutting the
GaAs in a plane passing through the center of the contacts. Connection to the external
circuit was made by pressure contacting copper electrodes coated with indium along the
outside circumference of the NiAu:Ge electrodes. The Cu electrodes were bored out so that
IR light could reach the switch contacts. By placing a dielectric beam splitter in the IR
pump beam, approximately 50% of the IR light could be directed onto each electrode.
Either of these beams could be blocked to investigate asymmetries in the response of the
photoconductor. The arrival time of the two beams at the switch was adjusted to within
300 ps by monitoring the arrival of the switch pulse at the load with a 1-GHz analog
oscilloscope. The dielectric beam splitter was mounted on a kinematic mount so that it
could be removed and the full IR laser energy could be applied to one side of the switch.
Thus, five illumination schemes were employed, considering that full energy could be
applied to either the ground or high-voltage contact.

Figures 12-15 show data taken for a 6-mm-thick ion-implanted GaAs bulk switch.
The images taken were normalized and scaled to equivalent electrode voltage (EEV).
Figure 12 shows a 3-D plot of the surface field on a 6-mm GaAs switch illuminated
through both contacts 800 ps after initial illumination. Outside the region between the
contacts, the field falls abruptly to zero because there is no tangential component of the
electric field at the surface of a conductor. Noise spikes in that region of the image have
been artificially suppressed. The left edge of the image corresponds to the negative high-
voltage contact, and the right side to the ground contact. The active area in the center is
6 mm wide, and the front and back edges of the image are 10 mm apart and correspond to
the edges of the deposited electrodes. Initially, the image was uniform between the
contacts. The infrared light has caused the field to collapse. The center section of the
image is where the 2-mm-wide pump beam illuminated the GaAs. Note that the field has
collapsed over most of the active region to a value of ~0.3 kV EEV, although the bias

voltage is 5 kV. The field collapses uniformly on the ground side of the image but it has

19




areas of significant enhancement on the high-voltage side. There are two significant high-
voltage spikes of ~3 kV EEV even though most of the switch field has collapsed. These
spikes are located at the very edges of the high-voltage contact [review Fig. 7 for contact
geometry]. A survey of all the images that have been acquired reveals that this is a general
feature independent of the type of contact. There is always an enhancement at the high-
voltage contact. The enhancement can be alleviated at the perforated region of the contact
by illuminating with more IR light but the collapse is never as complete as on the ground
side.

Figures 13 and 14 show a series of axonometric plots of the field above a 6-mm
GaAs switch. These illustrate the progressive collapse of the surface field in time for two
different bias voltages. Both contacts were illuminated with IR. In Fig. 12 the switch bias
was 5 kV; in Fig. 13, 9kV. The field is given in EEV; the true field is EEV divided by the
gap distance, which in this case is 6 mm. The time is relative to the IR translation stage
position; 0 ps is ~200 ps before the arrival of the IR pulse and the stage can scan out to
1 ns after IR illumination begins. At O ps, the field across the switch is essentially
uniform, as expected. As time progresses, the field collapses. For 5 kV bias, the collapse
is almost complete, except for the enhancement near the contacts. At 9 kV, the situation is
much different; the field collapses only to 3 kV EEV. There is still a field of ~3 kV/cm
across the switch, 1200 ps after illumination.

Figure 15 shows a series of lineouts from surface field images of the 6-mm GaAs
switch, taken through the center of the image, perpendicular to the contact faces. These
illustrate the progressive collapse of the surface field in time_for various illumination
schemes. Switch bias was 8 kV. Single-side illumination is characterized by a wave front
that propagates across the switch. In Figs. 15(a) and 15(b), the field collapses from the
illuminated contact to the nonilluminated contact in time as the region of conduction
propagates from the region of photogeneration. In Fig. 15(c), both sides were illuminated.

For both-side illumination, the field collapses more quickly and to a lower final valve than
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for single-side illumination, as in Figs. 15(a) and 15(b). The rise time is faster and the
efficiency is higher for illumination through both contacts. This is an important
engineering consideration. The field enhancement exhibited in Figs. 12, 13, and 14 can
also be observed in these lineouts.

Some of these observations can be made more quantitative by defining an electro-
optic switching efficiency. A standard measure of switching efficiency would be what
fraction of the dc bias is switched to the load. A perfectly efficient switch would be driven
completely conductive and the bias voltage would appear across the load. No electric field
would remain across the switch electrodes. The electric field across the switch can be

imaged electro-optically, and an electro-optic switching efficiency, 1, can be defined:

n = Y0y = A/N) Y [Ey-Ey/Ey), )
N N

where the summation is over the total number of active pixels (pixels outside the electrode
gap have been ignored); Ej; is the electro-optic image element with no IR light present; and
E;j(t) is the electro-optic image element at a time delay t as determined by Eq. (7). The

restrictions on the summation are that if
0> E'ij - Eij(t) , 8)

corresponding to a field enhancement, 1, was set equal to zero (i.e., it was considered to

be an element that had not undergone switching) and if
EY; - E;j(v > Ej;, )

implying a negative oscillation in the surface electric field, the efficiency at that point, 1,
was set equal to one. The parameter, 1, is a measure of how much of the dc field has been

switched. n would equal the real switch efficiency if it were possible to integrate through
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the entire switch volume. This is impossible for these experiments. The quantity m tells us
what is happening at one plane in a 3-D device. It is difficult to relate quantitatively to the
total switched current at the load. However, it is the best available measure we have of the
internal dynamics of the photoconductive switch. Figure 16 shows the electro-optic
efficiency as a function of the setting of the optical delay line for several applied fields in
the case of two-side illumination. The most striking feature of this graph is that the
switching efficiency drops as the field increases. Figure 17 shows this trend continues
with single-side illumination at two different intensities. In particular, at an illumination
intensity of 2.1 mJ/cm?2, there is sufficient light to switch a field of 6.7 kV/cm with 90%
efficiency. At the same intensity, a field of 15 kV/cm is switched with only 40%
efficiency. Figure 16(a) shows that increasing the intensity to 3.8 mJ/cm?2 increases the
efficiency to only 50% at 15 kV/cm. The rise time of the switch also decreases as the light

intensity is increased.

PHOTOCONDUCTIVE SWITCHING: LOCK-ON

GaAs surface switches were also investigated using the surface geometry. The
principle focus of this work was the investigation of Lock-on behavior in GaAs. In GaAs
the photo-generated electron hole pairs should recombine in about 1 ns. This should limit
the duration of electrical pulse delivered with GaAs switches. Lock-on is the phenomenon
where GaAs switches remain in the conducting state for a long time (hundreds of
nanoseconds) after the optical excitation. The bias field has to be greater than a threshold
value of 3 to 8 kV/cm depending on the material preparation. Typically, there will be a
voltage drop across the switch in this state equal to the gap length times the threshold field.
The lock-on behavior has several interesting features. Lock-on can be triggered with very
low light levels and it has the potential for producing long duration from GaAs switches.
However, lock-on is not well understood and the electro-optic imaging system can explore

its physical dynamics.
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The switches used in this study were supplied by Sandia National Laboratory.
They were 2.5 mm wide and had a gap of 2.5 mm. The switches had an electron mobility
of 7000 cm?/volt-sec, an impurity concentration of 107 cm-3, and a lock-on threshold of
4 kV/cm. To eliminate any complicating effects due to impurity concentrations the
photoconductive switching was done with 532-nm light ,which has an energy greater than
band gap. This necessitated converting the optics to interchange the pump and probe.
Because lock-on is a phenomenon which occurs several nanoseconds after optical trigger
pulse, the measurements were taken out to 6 ns after the trigger.

The measurements reveal a very complicated behavior. If one looks at the electric
field averaged over the whole switch, the two distinct patterns emerge. Below the
threshold for lock-on, the field collapses uniformly in roughly the full width half maximum
(FWHM) of the laser pulse. The rapid collapse is followed by a rapid recovery of the order
of a few hundred picosecond followed by a slower recovery to the initial bias field in about
S ns. This trend is illustrated in Fig. 18. This is the average electric field along a line
parallel to contact and through the center of the switch.

Above the threshold for lock-on the behavior is much more complicated. The field
collapses and starts to recover as in below threshold case. However, at about 1 ns the
begins to collapse again. The second collapse of the electric field across the switch is much
slower than first optically induced collapse. It is also not monotonic. An oscillatory
structure is superimposed on the decay of the electric field. This second decrease in the
electric field is apparently associated with the lock-on state. Oscilloscope traces for a
current probe at the output of the switch indicated that conduction through the switch
continued longer than would be expected from that determined by the recombination of the
electron-hole pairs. Figure 19, which is similar to Fig. 18, illustrates the gross features
described above.

This graph reveals only a small portion of the complex behavior of these devices.

Figures 20, 21, and 22 show three different electro-optic images at different times after
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illumination. The images have been manipulated such a dark region in the active switch
area indicates the absence of an electric field greater than 2 kV/cm. A white region indicates
the presence of an electric field greater than 2 kV/cm. The areas above the metallic contacts
have arbitrarily be set to white. Figure 20 shows the electric field at the peak of the photo-
induced conductivity. The active area of the switch is uniformly black, indicating complete
switching, and the edges of the contacts are clearly delineated. At time beginning about
1 ns after complete switching has occurred the electric field develops an 2-D structure. In
some places the field has collapsed and in other places it has increased to values which may
even be greater than the original applied field. In Fig. 21, which occurs 1.8 ns after
Fig. 20 the electric field is concentrated near the high voltage contact. A region of low
field, which could indicate the presence of carriers in the underlying semiconductor,
extends out from the low voltage contact. Although the fields are changing everywhere
there is a preponderance of images where the electric field is enhances at the high voltage
contact. Figure 22 show another state that the field can evolve into. A region of low field
or high conductivity extends from the low voltage contact to the high voltage contact. Note
that this region is only about 25% of the active area of the switch. This may indicate that
the current is being carried in channels through the switch in the lock-on regime. This

could seriously degrade switch performance in the long term.

SURFACE BREAKDOWN STUDIES

In the course of testing the 2.5 mm GaAs switches, it was noticed that the switches
were damaged by surface arcing at applied voltages above 7 kV. An experiment was set up
to observe the surface breakdown. A the sample was biased with a 400 ns, 9.5 kV voltage
pulsed that could be at a variable time with respect to the laser pulse. The 532 nm second
harmonic was used to probe the electric field. The :lectric field was probed at times
starting from before the voltage pulse was applied to the end of the voltage pulse at 2 ns

intervals. Since the switch was breaking down during the voltage pulse, it was hoped that
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Gl G U A T O BN A T T U O h E e O e s

at least one of the electro-optic images would capture the switch in a breakdown event. To
guarantee that the switch was not damaged by the arcing, a high-power IR laser pulse
illuminates the switch 5 ns after the green light probes the field. This pulse was to truncate
the field. There must be some time delay between when the voltage pulse is applied and
when the switch breaks down. This time should be of the order of the gap (25 cm) divided
by the electron velocity (107 cm/sec). This is a few tens of nanoseconds. To verify when
a breakdown event occurred, the voltage across the switch and the current through the
switch were monitored with a transient digitizer for each shot. Judging for the physical
damage induced on the switch surface, arcing did occur. The current probe showed that
photo-induced current spike was followed a broader secondary current spike. It was not
clear whether the secondary spike was caused by the lock-on effect or surface arc. The
carriers in GaAs recombine so quickly, it is possible for the switch to close and re-open
before the voltage pulse ended. This would allow a surface breakdown to happen even
though the field had been briefly truncate. In either case, the interesting event occurred
after the probe pulse had sampled the electric field.

To clarify the situation, a silicon photoconductive switch was placed in parallel with
the GaAs. This switch was used to truncate the voltage pulse. Silicon has a long
recombination time, therefore it is guaranteed to hold the voltage across both switches at
zero after it has been triggered. In this configuration, no secondary current peaks were
observed and there was no physical damage due to surface arcs. It is clear that the surface
arcs were caused by the optical switching. This is plausible when viewed in the context of
the experiments and theory, described below, on photoconductive switches biased just
below arcing threshold. There are field enhancements at the contacts and, at least in the
experimental case, the enhancements propagate out from the contacts and seem to evolve
into current channels. At higher voltages the enhancements will be larger and the channels

may constrict more. This could lead to filamentation and the arcing.
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ANALYSIS

A number of important features about how GaAs photoconductive switches operate
can be discerned from this work. The first is that the electric field is enhanced at the
negative high voltage electrode and collapses most slowly there. This type of behavior was
seen in both types of contacts tested. Similar behavior has been predicted to occur at both
contacts for uniformly illuminated silicon switches with ohmic contacts.12 The field
enhancement, in that case, was shown to be due to rapid carrier sweep-out at the ohmic
contacts. In particular, the enhancement was strongest under the solid portion of the high
voltage contact. A corresponding enhancement was not observed on the ground side
electrode (positive with respect to the high-voltage pulse). The enhancement could be
reduced in the perforated region by increasing the light incident on the high voltage contact.
This enhancement was seen in all samples and showed some increase with the numbers of
shots applied to the sample. Some of the nonuniform enhancement may have been
associated with the long term degradation of the contact (>2 x 104 shots). The
degradation was due to arcing from the perforated region to the solid region of the Ni:AuGe
contact. The arcing only occurred if the GaAs was switched.

It was seen that the switching efficiency of GaAs decreased with increasing voltage.
Increasing the number of carriers by increasing the IR illumination energy by a factor of ~2
did not significantly improve the electro-optic switching efficiency. This suggested that
this was predominantly a field effect. This was confirmed by the observation that, for
constant bias voltage, the switching efficiency increased with increasing electrode spacing.
The switching efficiency should not be a function of the bias voltage if the mobility is not a
function of field. The switch was mounted in a transmission line geometry. The voltage

switched to the load, V., is given by the expression:

VL = (Z/22+l') VBIAS s (10)
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where r is the switch resistance, Vpjag is the bias voltage, and Z is the impedance of the
bias and load cables, which was 50 Q for these experiments. The switch resistance, t, is

given by
r = (voltage across switch/switch current) = (El/JA), an

where J is the total current density, I is the electrode gap spacing, and A is the illuminated
area of the contact. J can be written J = neplE, where n is the density of photogenerated
carriers, ¢ is the electronic charge, and W is the sum of carrier mobility for bipolar

conduction carrier mobility. The relative amount of voltage switched to the load,

VL/Vgias is then:
VL/VBias = Z/[2Z + (/Anew)] . (12)

There is no explicit field dependence in Eq. (12). Field dependence can only enter through

the mobility, u. Equation (12) can be verified by measuring the current at the load, Ij,

versus bias voltage. Since
I = VU/Z = [112Z + (JAnep)] Vpjas - (13)

It should be a linear function of Vgiazg for a given carrier density (i.e., optical
illumination). Figure 23 illustrates results of measurements of I} versus Vg g for various
optical energies. The linear relationship between I} and Vgag is verified for bias voltage
up to 5 kV, as shown in Fig. 23(a). Figure 23(b) gives I-V curves for bias voltages up to
9 kV. The I-V curves deviate from linear behavior at high bias (>6 kV): the switch
resistance increases as the bias increases. This deviation from linearity coincides with the
onset of negative differential resistance (NDR) in GaAs.13 In the NDR regime, the
analysis leading to Eq. (13) does not hold. We should not expect and do not see a
continuation of the linearity between voltage and current. It must be emphasized that the

measurements of the current shown in Fig. 23 lack the temporal resolution of the electro-
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optic sampling. They cannot reveal temporal structure in the leading edge of the pulse.
Thus there is at least circumstantial evidence to suggest the observed decrease in switching
efficiency with increasing voltage may be due to NDR. Above 4 kV/cm, the electron drift
velocity in GaAs decreases as the electric field increases. Since the current is proportional
to the drift velocity, this represents an effective increase in switch resistance. This
observation has important implications for the use of photoconductive switches in pulsed
power applications. In many cases, the trend has been to push the breakdown limit in these
devices to achieve the highest switch electrical energy for the minimum optical energy.
These results indicate that switches with longer gaps, and lower field may be more efficient
in terms of switched voltage to pump energy, at least in the purely photoconductive mode
of switching at pulse durations of 1 ns or less.

A computer model of photoconductive switch behavior that is based on the
semiconductor device equations has been developed to explore the nonlinear behavior of
photoconductive switches. The time-dependent, drift-diffusion equations and carrier
continuity equations were appropriately modified to represent a photoconductor in
operation. The coupling between carrier drift and electric field is completed through
Poisson's equation. The model equations are solved numerically with boundary conditions
and operating parameters that are consistent with high-speed switching of a practical, high-
voltage, photoconductive switch in an external circuit. High-field, non-linear effects, such
as negative differential resistance (NDR) in GaAs, are included in the model. Computer
simulations of transient photoconductivity in high-power GaAs and Si switches were done
for various bias volt» ze and optical illumination conditions for which we measured electro-

optic images.

MODEL FORMULATION
On the time scale of ultrafast, high-power photoconductive switch operation,

picoseconds to nanoseconds, transient photoconductivity is governed by the generation,
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recombination, and transport of carriers. Hot electron effects, drift velocity overshoot, and
other non-equilibrium processes such as inter-valley transfer of electrons are significant on
a subpicosecond, or femtosecond time scale, and need not be included in a model of high-
voltage switch operation on a picosecond time scale. For example, the carrier mobility, |,
is assumed 1o have reached its steady-state value so that DC measurements that depend on
the drift velocity versus field relationship, e.g., an I-V curve, are valid.

Using the drift-diffusion/carrier continuity model, Iverson has previously modeled
photoconductors operating in a non-switching, or small-signal, mode where the potential
across the switch does not vary appreciably,14 and the switching, or large-signal mode,
where the bias voltage across the photoconductor is quickly switched to an external load.12
This photoconductive switching model dealt with large-scale, practical high-power
switches, but did not include non-linear carrier mobility. Weiner et al. have also presented
a solution to the semiconductor equations in high-bias switches for the linear mobility
regime.13 This model did not include carrier diffusion. White et al .16 have constructed a
computer model of high-bias photoconductive switching, numerically solving the drift-
diffusion/carrier continuity relations, that includes non-linear mobility, but this model deals
only with micron-scale device lengths and relatively low bias voltages (< 1 kV) and is not
capable of simulating a more realistic, cm-scale device with multikilovolt bias voltage.
Sano and Shibata have presented a very complete, 3-D model of ultrafast switches in
microstrip lines,17 but this model is limited to 100 um size devices and total simulation
times of only a few ps by computer memory requirements and results were only presented
for a 2.5 V bias voltage. To best knowledge, the model presented here is the first
numerical solution of the semiconductor device equations capable of simulating ultrafast
photoconductive switches under operating conditions consistent with realistic pulsed-power
applications that includes non-linear carrier mobility.

The carrier continuity equations for the electron density, n(r,t), and hole density,

p(r,t), are
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an(:‘J) = G(r’t) - Rn(r,t) + % V ) Jn(r,t) (14)
aE(:’[) = G(l‘,t) - Rp(r,t) - é v ‘ Jp(ryt) ’ (15)

where G(r,t) is the electron-hole pair generation rate, Rp(r,t) and Rp(r,t) are the electron
and hole reduction rates, and Jn(r,t) and Jp(r.t) are the electron and hole current densities.

The current densities are given by the drift-diffusion model as
Jn(r,1) = epn(r,tn(r,HE(r,t) + € DaVn(r,t) (16)
Jn(r,t) = eun(r,))p(r,E(r,t) - € DaVp(r,1), (17)

where E is the electric field, un(r,t)and pp(r,ij-are the electron and hole mobilities, and Dy

and Dp are the electron and hole diffusion coefficients given by the Einstein relations as

Dﬂ(r$t) = l—ln(r,t) -l_(el‘ (18)

Dp(r,t) = pp(r,t) %T . (19)

Hn(r,t)and pp(r.t) are functions of space and time through the field dependence of the
mobility.
The total charge density, p(r,t), is given by the sum of the electron and hole

densities as

p(r,t) =e[ p(r.t) - n(r,n)] . (20)
The electric field, E(r,t), is written in terms of the electric potential, W¥(r,t),as
E(rt) =- V¥(r,t). @21n

Poisson's equation couples the electric field to the carrier densities through the electric

potential, ‘¥, and is written in quasi-static form

V2¥(x,t) = - g(:_,t) =- eg [ p(r,t) - n(r,t)] . (22)
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where € is the dielectric constant of the switch material, which is treated as a scalar

constant.

Photoconductive switches are simulated as 1-D devices in terms of current flow and
effects perpendicular to the applied bias field are of second order and may be neglected.
Thus, the vector r becomes the scalar x. Also, as the photogenerated, or excess densities,
are typically many orders of magnitude greater than the thermal equilibrium densities, the
carrier densities in Eqs. (14-22) can be considered to be the excess densities, with the
small thermal equilibrium values of the electron and hole densities neglected. This system
is solved for the particular functions, R(x,t) and G(x,t), and initial values and boundary
conditions appropriate for photoconductive switch operation.

Diffusion of carriers is included in the model even though the applied bias voltage is
vastly greater than the thermal voltage, l%, which is =0.03 V at room temperature. It
would appear that the drift component of the current would dwarf the diffusion term.
However, as the electric field collapses to a very low value when the switch closes, the
diffusion current can become comparable to the drift current. Also, diffusion is significant
if very large carrier density gradients develop, as is expected to happen near the switch
electrodes.

The function G(x,t) represents the optical generation of carriers. Its form depended
on the particular illumination scheme that was simulated. In all cases, the number of
carriers created was assumed proportional to the optical energy absorbed and the optical
pulse was assumed to have a normalized Gaussian temporal profile.

In general, G(x,t) can be written

N, (32)?

G(x,t) = 0(x) —2= € 2a2 (23)
av2n
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where Nj is the total number of photons in the optical pulse, a is the temporal variance of

the optical pulse (a = ), and ¢(x) will depend on the particular spatial illumination

fwhm
W
scheme. Overhead, or broadside, illumination, and end-on, through the contact,
illumination were simulated. For end-on illumination, t in Eq. (23) is replaced by t — t -
x/c to represent a Gaussian pulse propagating through the switch fromx=0,ort —t- (£ -
x)/c for a light pulse propagating from x = £. The amount 3a is subtracted from t to shift

the peak optical intensity away from t = 0 so that illumination begins at ~1% of the peak

intensity. For uniform overhead illumination, ¢(x) is given by

L
000 = 7~ @4)

where A 1s the area of the conducting region of the switch, and £A is equal to the
conducting volume.

For a normalized Gaussian spatial profile,

(x-ctr)2

T 25)

1
bV2r A

where b is the spatial variance of the optical beam, and ctr is the center of the illumination.
Asymmetric illumination can be simulated by giving ctr a value other than £/2. For end-on
illumination through x = 0, ¢(x) is written

GX

0(x) =g © 26)

where o is the absorption coefficient of the semiconductor for the optical pulse. For
illumination through x = £, x in Eq. (26) is replaced by x — £-x.
The function R(x,t) represents the reduction of carriers through recombination

processes. A simple expression is used for R(x,t) where

Rn(x.p) = 250 @7

32




Rn(x,t) = A0

(28)

with 1 as the carrier recombination time.

The electric field dependence of the carrier mobility is included in the model. It is
necessary to include this non-linear effect to properly simulate photoconductive switching
at high-bias fields. The field-mobility relation for GaAs used by Horio et al.18 was used in
this model. For Si, the relationship given by Sze was used.19

The switch electrodes are located at x = 0 and x = £ The contact at x = 0 is
connected to ground through the load resistor. The high-voltage bias is applied at x = £.
The contacts are assumed to be perfectly ohmic, with infinite surface recombination
velocity. The carrier densities at ohmic contacts will be the thermal equilibrium values; the
excess densities will be zero.20 The switch is assumed to be in thermal equilibrium before

illumination at t = 0, so the excess densities are zero att = 0. These conditions can be

summarized
n(o,t) = n(,t) =0 (29)
p,) =p¢,n=0 (30)
n(x,0) = p(x,0) = 0. 3D

The electric field is assumed to be continuous across the contact boundary, as is the
current density, in general For special simulations of no current injection at the contacts,
the contact current is set equal to zero.

The electric potential boundary conditions are somewhat more complicated. A
derivation of boundary conditions on the electric potential, ¥, is used which accurately
represents the operation of a high-speed photoconductive switch. This formulation follows

closely that given by Iverson.12

14
g—t‘{’(l,t) = % { ({E(x,t)[un(x,t)n(x,t)+up(x,t)p(x,t)]ax}
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- AP0 - Vol (32)
Equation (32) gives a mixed, global boundary condition for ¥ ({,t) which must be
integrated with the transport equations. This boundary condition correctly accounts for the
integrated displacement current and is, thus, valid for high-speed switching simulation.
The equations are first put into a discrete form using a finite difference
representations. Centered difference representations21 are used for the density gradients,
second derivative of the potential, and potential gradient. The divergence of the current
density in the continuity equations is represented using an upwind-differencing scheme.22
The spatial discretization is carried out on a uniform mesh, dividing the domain (0,£) into
500 equally spaced mesh points. A fully explicit, forward time finite difference scheme is

used for the time derivatives in the continuity equations

BULK SWITCH MODELING

The switching of the bulk GaAs switches with gridded electrodes obtained from the
U.S. Army Electronic Technology and Device Laboratory was simulated. For these
switches, illumination through the electrode grid was modelled by a propagating Gaussian
optical pulse using the generation functions described earlier. The program parameters
were: £ = 0.6 cm or £ = 1 cm; the conducting area, A = 0.1 cm; & = 13.1; and the
absorption coefficient, 6 = 1.39 cm. These parameters were chosen to represent the actual
switches that were used in experiments. The value of A was the measured optical beam
size. 6 was measured at LLE for the samples provided. The applied optical pulse energy
was 100 pJ resulting in carrier densities of ~1016/cm3. The optical pulse variance was
200 ps.

A spatial profile of the electric field for one side illumination at various times and an
applied bias voltage of -9 kV is shown in Fig. 24. The electric field collapses in time from

the ground contact to the negative high-voltage contact as the optical pulse propagates
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through the switch. The field is seen to "compress" as it collapses, forming a field peak at
the contact opposite illumination. This simulation is consistent with the electric field
profiles obtained experimentally for this illumination scheme with the electro-optic imaging
system. The field is compressed until, at 1200 ps, NDR effects take over. This results in a
sharp field gradient and rise in the field at the contact. This agrees well with the
experimental results in Fig. 15(b).

umination through both the ground and negative high-voltage electrodes was also
simulated. The calculated electric field profiles showed uniform collapse as in Fig. 15(c).
The simulated switching with two-side illumination was considerably more efficient than
one-side illumination, with more complete field collapse and faster rise time, also in
agreement with the experimental observations. The observed field peaking at the contact
was not reproduced in the simulations. But we believe that is due to geometric
considerations.

The gridded contacts on the switch had areas of bare GaAs and thus could not
represent ohmic contacts. To simulate this, the boundary conditions on the current density
were altered to represent contacts that would not pass electrical current. Two-side
illuminated switches with non-injecting contacts were simulated. The calculated electric
field profiles for this case showed the same uniform field collapse as the injecting case
except for an extreme field peak at the negative high-voltage electrode. This peak is
~20 times the applied bias field. As the electrode is gridded, there will be some areas of
the electrodes that are metallized and pass current and open areas that do not. The
simulations suggest that there will be a significant potential difference between the injecting
and non-injecting regions. This explains the observed arcing between the non-metallized
and metallized areas. The simulations only show peaking at the contacts if the contacts are
noninjecting. Experimentally we observed that increasing the light under the contacts

reduces the field enhancement there. This is also in agreement with the simulation.
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The observed decrease in the electro-optic switch efficiency was not recreated in the
simulations. They do not show significant field remaining across the switch after several
nanoseconds. On the basis of this computer model, the observed decrease in electro-optic
switch efficiency is not due to negative differential resistance in the photoconductive
switch. The failure of the program to recreate the reduced switching efficiency is most
probably due to the fact that the gridded electrode switches do not lend themselves to a 1-D
analysis. To properly simulate the bulk switches with gridded electrodes, it would be
necessary to model the conducting and non-conducting channels created by the electrode
grid. There is probably considerable vertical structure that effects the field profile, as well.
Simulation of these effects would require a 3-D model, which would be practical only if a
supercomputer were available. Also, the field probe can only access the switch field at the
switch surface and the surface field may not be a true measure of the internal field structure

for switches with such considerable vertical structure.

LOCK-ON MODELING

The computer program cannot fully describe the behavior we are observing in the
surface GaAs switches biased above the lock-on threshold. The model is only 1-D and
therefore cannot explain two-dimensional phenomenon like channeling. In addition, lock-
on requires some mechanism for generating carriers to carry the current after the initial
photogenerated carriers decay. No such mechanism has been incorporated into our model.
Given these limitations the model does a spectacular job of modeling the experiments.
Using the experimental Gaussian illumination profile, the model shows the field collapses
in the center of the switch first. The speed of the electric field collapse accelerates when the
local electric field falls below the threshold for NDR. Figure 25 shows the simulated
electric field across the switch. The field roughly follows the Gaussian distribution of
carriers until the NDR threshold is reached in the center. Then the filed at the edges

remains high while the center collapses. In Fig. 26, the same simulation is carried out to
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longer times. (Note the logarithmic vertical scale.) When the condition arises that the local
electric field is increasing (above the NDR threshold) and the local carrier density is
decreasing, regions of enhanced field called Gunn domains nucleate. The model shows
that these domains nucleate primarily at the negative high voltage contact as we see
experimentally. It is likely that the enhanced field at the negative high voltage contact
shown in Fig. 26 is a manifestation of a Gunn domain.

The secondary collapse of electric filed ts not duplicated in these experiments for the
reasons stated above. It would be easy to conceive of adding a mechanism such as
avalanche carrier generation or field dependent ionization of traps which operates in these

high field region to generate the addition carriers.

CONCLUSION

The electro-optic imaging system is now in full operation. It has been used to
observe the dynamics of photoconductive switching in Si and GaAs. Silicon has been
found to be a rather simple photoconductive material. The field collapses with the integral
of absorbed optical energy. There are no anomalies in the field profile after switching.
GaAs is much more complex. Both side illuminated and through the contact illuminated
switches have been studied. GaAs has two distinct regions of operation. At biases below
about 3-6 kV/cm (depending on material preparation), the switch behaves like silicon.
Above 6 kV/cm, the electric field across the switch exhibits transient anomalies.
Specifically, in both geometries, there are field enhancements at the contacts. The negative
contact generally has the greatest field enhancements. These transients may be implicated
the failure mechanism of these switches. GaAs switches can withstand at least 40 kV/cm,
under 10 psi SFg when they are not triggered. However, at 28 kV/cm they will undergo
surface breakdown after they have been triggered. Current channeling and local field

enhancements, which have been identified by the electro-optic imaging system, may be

37




responsible for arcing. Theoretical modelling has identified the Gunn effect as the prime

factor leading to the field enhancements.
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